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Abstract 

 

Hip Actuation Designs to Support the Back while Stooping and Walking 

 

by 

 

Christina Ashley Yee 

 

Doctor of Philosophy in Mechanical Engineering 

 

University of California, Berkeley 

 

Professor Homayoon Kazerooni, Chair 

 

 

 

Back injuries are the most common musculoskeletal disorder in the workplace and cost 

employers billions of dollars each year. Although these are widely known statistics, no 

comprehensive solution exists to reduce back injuries. While products like dollies and carts have 

been designed to solve particular tasks like moving materials, an all-encompassing solution to 

alleviate back injuries has yet to be proposed. This is largely due to the dynamic complexity 

involved with accommodating the various tasks required by different occupations. While the 

majority of some workers spend their days stooping to move materials, others predominantly 

walk bent over to perform duties like vacuuming. 

 

But at the most basic level, professions with high rates of back injuries mainly have two common 

motions: stooping and walking. Therefore, to successfully reduce back injuries, a device must 

reduce back muscle strain by supporting the torso during stooping while still permitting walking. 

This dissertation proposes five hip actuation designs to solve this fundamental problem. The 

intent is for the hip actuators to be incorporated into a full exoskeleton which interfaces with the 

user’s torso and legs to support the lower back during stooping and/or walking. 

 

The first hip actuation design is a simple wrap spring clutch which is beneficial for tasks like 

static stooping and bent walking (walking while stooped). The second hip actuation design adds 

a spring to the first design to conserve energy and dynamically support the back during stooping 

and standing upright. The third hip actuation design adds a locking feature to the spring in the 

second design to control when the spring’s energy is released. The fourth hip actuation design 

uses one large, high-torque motor to support the torso during bending and walking. The fifth hip 

actuation design adds a wrap spring clutch to the fourth design to reduce the complexity of the 

control system when a user walks. 

 

Although the proposed designs are discussed in order of increasing design complexity, the 

enhanced systems also accommodate additional worker tasks, making them applicable to broader 

audiences. Ultimately, a cost-benefit analysis weighing design complexity versus applicable 

tasks is necessary to determine which designs are most beneficial for production. 
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Chapter 1 : Introduction 

1.1: Motivation 
 

 According to the Bureau of Labor Statistics, 420,870 occupational injuries involved 

sprains, strains, or tears and resulted in missed work days in 2014. Of these sprains, strains, or 

tears, 140,140, or 33%, were back injuries while only 56,800, or 13%, were shoulder injuries. 

Considering shoulder injuries were the next most common injury in the category, back injuries 

were clearly the frontrunner [1]. 

Statistics from 2010 and 2012 help emphasize the prevalence of back injuries in recent 

years, with data from the Bureau of Labor Statistics showing that back injuries accounted for 36% 

of sprains, strains, or tears in both 2010 and 2012 while shoulder injuries accounted for only 12% 

of sprains, strains, or tears in 2010 and 13% in 2012.  

With back injuries requiring a median recovery time of 7 days in 2010, 2012, and 2014, 

this statistic translates to back injuries costing employers billions of dollars each year. 

Furthermore, after people injure their backs once, they become more susceptible to future 

injuries. 

To focus more specifically on back injuries from a cost perspective, an average back 

strain injury can cost employers over $100,000, with direct costs accounting for over $10,000 

and indirect costs ranging from $30,000 to $100,000 [2]. Because of the frequency of back 

injuries, annual costs easily sum to billions. In particular, back pain has been estimated to 

account for between $20 billion to $50 billion of yearly injury costs to employers [3]. Of this 

amount, an estimated $28 billion is due to the approximately 100 million missed workdays each 

year which directly result in a loss of productivity [3]. 

Examples of occupations in which back injuries account for over 40% of musculoskeletal 

disorders (also known as “ergonomic injuries”) include healthcare workers, laborers, movers, 

janitors, and cleaners [1]. More specifically, according to [4], lifting is the most prominent 

motion associated with back strain and accounts for almost 50% of back injuries while other 

movements like holding, carrying, throwing, or pushing account for less than 10% of back 

injuries. 

The large disparity in injury rates for lifting tasks may be attributed, at least in part, to the 

increased back muscle forces associated with bending over and standing upright to pick up an 

object. Two motions commonly linked to bending over are squatting and stooping, with both 

applying a torque at the hip. But the torque, and thus muscle strain, associated with squatting is 

less than stooping [5]. This is because stooping entails bending the back and keeping the knees 

straight while squatting involves bending the knees and keeping the back straight. Figure 1-1 

highlights the visible differences between stooping and squatting to lift an object. 

 



2 
 

 
Figure 1-1: Illustration of the difference between stooping and squatting 

Still, although workers are commonly encouraged and reminded by employers to squat 

instead of stoop when lifting objects to reduce the torque at the hip and thus back muscle strain 

as shown in [5], [4] asserts that stooping uses less energy which might be why squatting is not 

well-adopted among workers. This implies that in order for a device to successfully reduce back 

muscle strain and thus back injuries, the design must allow workers to perform all of their daily 

tasks naturally and comfortably. Therefore, understanding all of the different motions associated 

with a typical work day is an important component when designing a device which does not 

restrain motions to reduce back injuries. 

Commonly recognized jobs which have a high risk of back injuries include nurses who 

routinely move patients and construction workers who regularly carry materials. Still, there is a 

wide range of other professions which require similar tasks like firefighters moving with 

equipment, soldiers walking with gear, delivery men dropping off goods, airline luggage 

handlers loading suitcases, janitors mopping floors, and busboys moving dinnerware. 

But not all back injuries occur from carrying objects. Other jobs require heavy objects to 

be held for extended periods of time. This fatigues muscles which not only causes injuries, but 

also reduces productivity when workers have to rest. Examples of these tasks include ship 

builders holding heavy tools and carpenters installing cabinets. 

And yet another scenario is workers who walk while stooped which causes asymmetric 

loading on the spine and results in back strain as the body shifts its weight between legs while 

not only walking, but also trying to maintain balance. Examples of workers involved in moving 

while bent over include carpet layers, roofers, and farm workers. 

Based on common motions such as walking while bending, walking upright, and stooping, 

it becomes evident that the design for a device to reduce occupational back injuries must provide 

torso support over a diverse range of both static and dynamic activities. 

1.2: Related Work 
 

 Various dollies, carts, and lifts are commonly used by manual laborers to move materials. 

These products are intended to decrease muscle strain by not only decreasing the total time that a 

laborer carries a load, but also reducing the motion that strains muscles. For example, pushing 

carts with multiple items not only speeds up transportation times, but also encourages a pushing 

versus lifting motion which is less strenuous on the body [4]. But unfortunately, these options are 

not always viable depending on various factors such as the terrain and material size. Therefore, 

researchers have designed various non-powered, wearable devices like the Bending Non Demand 
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Return (BNDR), Springzback, and Trunk Support Exoskeleton to further help reduce worker 

back strain and injury by supporting the lower back during stooping. 

The simplest system is the BNDR device (shown in Figure 1-2), which is a lumbosacral 

orthosis designed to assist both healthy and injured users during forward bending activities. In 

particular, the BNDR redistributes the weight of the torso to the thighs during stooping by 

resisting a decrease in hip angle between the torso and thigh. The BNDR is comprised of two 

components, a belt and a torque generator, as shown in Figure 1-2. The knobs on the belt fasten 

to the hooks on the torque generator to make the device one operable unit. While the belt straps 

around the user’s waist, a top bar rests against the user’s chest and two bottom links rest on the 

user’s thighs. Unfortunately, as [6] points out, the BNDR design does not differentiate between 

motions like squatting, walking, stooping, and sitting. This can cause discomfort throughout a 

user’s day by unnecessarily resisting various movements [6]. 

 
Figure 1-2: Picture of the BNDR design adapted from [6] showing that the knobs on the 

belt fasten to the hooks on the torque generator 

Another example of a device that helps support users’ lower backs during stooping is the 

Springzback (shown in Figure 1-3), which is an adjustable, spring-loaded back support that again 

redistributes the weight of the torso to the thighs during stooping by resisting a decrease in hip 

angle between the torso and thigh. The differences between the Springzback and BNDR are that 

the upright bending angle at which the Springzback provides support can be easily adjusted by 

turning a knob, and the Springzback has enough compliance in the system to permit unrestricted, 

upright walking. However, the system’s drawbacks are that the product is designed specifically 

for men and manual adjustment is required each time a new bending angle must be supported. 

 
Figure 1-3: Images of the Springzback being used during stooping adapted from [7] 
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The Trunk Support Exoskeleton (shown in Figure 1-4), designed at the University of 

California, Berkeley and explained in [6], [8], and [9], is another device which supports users’ 

lower backs during stooping by redistributing torso loads to the thighs. This device implements a 

unique torque generating mechanism which relies on a change in absolute torso angle with 

respect to the ground to engage the torque generator, rather than a change in relative angle 

between the torso and thigh. This design, therefore, permits users to move their legs freely when 

the torso is upright to allow activities like walking and sitting, and only when the torso bends 

from its upright position, such as during stooping, does the torque generating mechanism engage. 

But one shortcoming of this mechanism is that it cannot readily adapt to variations in user sizes 

which require different magnitudes of torque support at any given bending angle. Furthermore, 

the Trunk Support Exoskeleton requires a minimum bending angle before back support is 

triggered which means there is an initial bending angle range at which the torso is unsupported. 

 
Figure 1-4: Image of the University of California, Berkeley Trunk Support Exoskeleton 

adapted from [6]  

Various active, powered solutions for supporting the body by augmenting strength and 

increasing endurance when walking with heavy loads have also been proposed. These 

exoskeleton designs include the HULC by Lockheed Martin, Sarcos by Raytheon, and Hercule 

by RB3D (shown in Figure 1-5). Unfortunately, these devices were largely designed for military 

applications and are quite bulky, especially when compared to the previously-mentioned passive 

systems which were all generally designed for the everyday needs of manual laborers like 

construction workers, farmers, and mechanics. Furthermore, the general sizes, power needs, and 

costs of the active, powered solutions shown in Figure 1-5 are unreasonable for employers 

looking for devices that can be made accessible to all of their workers. For this reason, passive, 

un-powered exoskeletons have also evolved from the larger, military-grade exoskeletons in an 

attempt to produce more realistic exoskeleton devices which can be made accessible to workers. 
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Figure 1-5: Images of military-grade exoskeletons (left) Sarcos [10], (middle) Hercule [11], 

and (right) HULC [12] 

Examples of passive devices which were developed by companies after their military-

grade exoskeletons debuted include Ekso Bionics’ industrial exoskeleton and Lockheed Martin’s 

FORTIS design (shown in Figure 1-6). The designs are intended to be more directly applicable to 

the existing, tangible worker need of increased endurance when holding heavy tools for extended 

periods of time versus the aforementioned passive devices which focus on supporting the lower 

back during stooping activities. Essentially, the passive devices in Figure 1-6 transfer the load of 

the tool through the exoskeleton to the ground so the worker’s body no longer has to support the 

tool’s weight. Although the passive industrial exoskeletons shown in Figure 1-6 are smaller than 

the powered devices for military applications shown in Figure 1-5, they are still larger and more 

complex than the previously mentioned passive designs shown in Figure 1-2 through Figure 1-4 

which do not extend past the users’ thighs. Specifically, extending the exoskeletons in Figure 1-6 

to the ground not only adds material and weight, but also complicates the design by adding knee 

joints and shoe attachments which must adapt to variations in user sizes. 

 
Figure 1-6: Images of passive exoskeletons for workers (left) FORTIS [13] and (right) Ekso 

Bionics’ industrial exoskeleton [14] 
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Despite the innovation of various injury-reducing, strength-augmenting technologies such 

as those shown in Figure 1-2 through Figure 1-6, there is still a need for simple, low-cost devices 

which support the back at any stooping angle while still allowing workers to move freely. This is 

especially important since the majority of back injuries result from stooping rather than carrying 

or holding heavy loads. Ultimately, an ideal design provides back support at all times over the 

course of a work day while still allowing workers to perform all tasks without any restraints. 

This means an ideal solution permits users to not only bend over or walk with a load, but also 

walk while bent over. 

1.3: Biomechanics of Stooping 

 

Since many workers stoop despite being encouraged and reminded to squat, one way to 

approach reducing back injuries is to support the back during stooping. As Figure 1-7 illustrates, 

the center of mass of the torso becomes horizontally displaced by a distance   from the hip in the 

sagittal plane when a person stoops. This horizontal offset ( ) between the hip and the center of 

mass of the trunk results in a moment about the hip, which is treated as the axis of rotation for 

stooping. Therefore, as shown in Figure 1-7, the person’s back (trunk) muscles are responsible 

for generating an opposing moment to that resulting from the weight of the trunk to support 

stooping, implying the opposing trunk muscle moment ultimately results in back strain and 

causes injuries. 

 
Figure 1-7: Biomechanics when transitioning from (left) upright posture to (right) stooping 

If the trunk muscle moment results in back injuries, generating a supporting torque which 

is axially aligned with the hip and acts in the same direction as the trunk muscle moment from 

Figure 1-7 should reduce back injuries. More specifically, Figure 1-8 shows that back support 

can be accomplished by axially aligning an actuator with the hip (hip actuator) to generate a 

supporting torque in the same direction as the trunk muscle moment from Figure 1-7. But it is 

also important to remember that just as the trunk muscles connect to both the upper and lower 

body, so must the hip actuator to be effective. As shown in Figure 1-8, one way to attach the hip 

actuator is via bracing to the torso and thigh. Ultimately, this implies that a final, simple 

configuration to support the trunk and reduce back injuries is to use a hip actuator attached to the 

torso and thigh.  
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Figure 1-8: Basic layout of the design solution 

1.4: Objective 
 

This dissertation proposes five hip actuation designs, with each aimed at reducing muscle 

strain in the lower back during stooping and walking. Each hip actuator is designed to attach to 

the torso and legs to create a supporting moment which rotates about the hip and acts in the same 

direction as the back muscles during stooping. In turn, this supporting moment reduces back 

muscle strain and thus lower back injuries by redistributing the load of the torso through the legs 

to the ground. 

1.5: Contributions 
 

 Because walking is an essential part of most people’s work days, this dissertation begins 

by proposing a sinusoidal gait model for hip flexion and extension during walking. This hip 

model serves as the foundation for both hardware designs and control methods necessary to 

permit walking when stooped. 

Next, this dissertation outlines five hip actuation designs to reduce back injuries. The first, 

most basic design consists of a wrap spring clutch which can be used to support the back during 

long periods of stooped working which may or may not involve walking while stooped. Then, an 

intermediate design is discussed which adds a spring in series with the wrap spring clutch to 

conserve energy and dynamically assist stooping and standing upright immediately after 

stooping, meaning dynamic back support is provided when the user does not walk while stooped. 

Finally, three all-encompassing designs are proposed to not only support bent walking, but also 

dynamically assist stooping and standing upright no matter whether walking occurs during 

stooping. The three designs, which consist of two wrap spring clutches with one spring, a high-

torque motor, and a high-torque motor with a wrap spring clutch, all have different advantages 

and disadvantages which range from size and complexity to power consumption. 

This dissertation also details the hardware design parameters associated with each of the 

five hip actuation options, sensing options for building a fully functional design, and validation 

tests to evaluate design efficacy.  
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Chapter 2 : Summary of Walking 

2.1: Overview of the Gait Cycle 
 

 Walking is characterized by two alternating phases for each leg: stance and swing. 

During stance, the foot is in contact with the ground but during swing, the foot is not in contact 

with the ground. For one full gait cycle, swing accounts for approximately 40% of the cycle 

while stance lasts for the remaining 60% of the cycle. The 60% stance phase, in particular, can 

be further broken down into single stance, which takes 40% of the gait cycle; and double stance, 

which accounts for the remaining 20% of the gait cycle. Because each leg experiences a double 

stance transition, double stance can be further split into two 10% intervals over the course of one 

stride (at the beginning and end of each stance phase). Although phase approximations differ 

slightly between sources (such as [21] where the gait cycle has a 62/38 stance/swing proportion), 

a 60/40 proportion is assumed here based on [22]. Raw data in [21] for 20 to 65-year-olds also 

supports a 60-61% stance phase. 

 Transitions between swing and stance are characterized by specific instants in time. Heel 

strike marks the end of swing and beginning of stance while toe off marks the end of stance and 

beginning of swing. Figure 2-1 illustrates a single stride with the important points and phases 

marked. In Figure 2-1, intermediate points at 35% and 85% are not just included for clarity, but 

also to help identify the transition from mid-swing to terminal swing for the left and right legs, 

respectively. It is near 35% and 85% that the swing leg starts to decelerate in preparation for heel 

strike. 

 
Figure 2-1: Phases of walking in the gait cycle adapted from [22] 

2.2: Hip Trajectories during Walking 
 

 Walking can also be characterized kinematically by joint angle rotation. The general 

population’s hip, in particular, follows the simple trajectory shown in Figure 2-2. Because 

clinical gait analysis (CGA) data slightly varies by source, two sets of CGA data (adjusted to 

allow both to be plotted together) are shown in Figure 2-2 to illustrate general path similarities 
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and differences in angle maxima and minima. More specifically, the stride percentage on the 

horizontal axis in Figure 2-2 corresponds with the right leg phases from Figure 2-1. 

 
Figure 2-2: Two sets of CGA data showing hip angle trajectories for a single stride from 

[15] (Winter) and [23] (Kirtley) 

Hip flexion occurs when the hip angle increases while hip extension occurs when the hip 

angle decreases, as illustrated in Figure 2-3. This means the hip is in flexion for approximately 

35-40% of the cycle and extension for 60-65% of the cycle, depending on whether Kirtley or 

Winter’s data is observed in Figure 2-2. 

 
Figure 2-3: Illustration of the terms hip flexion (hip moves forward) and hip extension (hip 

moves backward)  

 Figure 2-2 also shows that most of stance, which spans 0-60% of a stride, is characterized 

by hip extension, with only about the final 5% to 10% of the stride’s stance phase entering hip 

flexion. Similarly, most of swing, which spans 60-100% of a stride, is characterized by hip 

flexion, with only the last 10-20% of the stride’s swing phase characterized by hip extension. 

These properties can be attributed to the acceleration of the hip in preparation for swing during 

the stance phase and deceleration of the hip in preparation for stance during the swing phase. 

2.3: Simplified Hip Flexion/Extension Model 

 

Because hip angle is a periodic motion which repeats every stride, this dissertation 

models the CGA data shown in Figure 2-2 as a series of three sine functions. Figure 2-4 shows 
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each sine function in a separate color overlain with the CGA data for hip angle from Winter [15] 

to visually demonstrate just how closely three simple sine curves can resemble a set of CGA data. 

 
Figure 2-4: Sinusoidal model of hip angles during walking compared to data from [15] 

(Winter) 

To further break down the components in Figure 2-4, the first sine wave, which spans 

about 0-50% of a stride (red curve in Figure 2-4), is associated with extension during stance. 

Meanwhile, the second sine wave, which spans about 50-85% of a stride (blue curve in Figure 

2-4), is associated with flexion during both stance (50-60% of a stride) and swing (60-85% of a 

stride). And finally, the third sine wave, which spans about 85-100% of a stride (green curve in 

Figure 2-4), is associated with extension during swing. To ensure smooth transitions between 

curves, each curve represents half of a sine wave period (a wave period is the time it takes to 

complete one full wave cycle) and each curve begins and ends at a critical point to travel from a 

maximum to a minimum or vice versa. 

Although each of the three sine functions used to characterize hip angles during walking 

has unique parameters, all functions follow the general form 

                       ( 2-1 ) 

where        is the hip angle at any point in time,   is time,   is the amplitude,   is the frequency 

(number of cycles completed per    units),   is the phase shift (horizontal offset), and   is the 

vertical offset. More specifically,   is related to a sine wave’s period by            . To 

help clarify the general influence each parameter in Equation 2-1 has on the sine function’s 

shape, a general cosine wave with corresponding labels is shown in Figure 2-5. 

 
Figure 2-5: Illustration of the effect of the constants in Equation 2-1 on a sine function 
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Another way to break down   in Equation 2-1 is in terms of the time it takes to complete 

one stride (       ) and the percent of the stride that a given sine wave accounts for ( ) by 

equating 

  
 

         
 

which modifies Equation 2-1 to 

              
 

         
           ( 2-2 ) 

 But to fully characterize the model in Figure 2-4 for a single stride, constants        and 

  in Equation 2-2 must be defined separately for each of the three sine waves while         

remains constant over all three sine waves. In general, the constants for each sine function can be 

noted as follows:               for the sine function corresponding with stance extension (red 

curve in Figure 2-4),               for the sine function corresponding with flexion (blue curve 

in Figure 2-4), and               for the sine function corresponding with swing extension 

(green curve in Figure 2-4). 

Although various constants can be freely defined to match a given set of CGA data, some 

constraints must also be set to ensure the three sine waves intersect properly. In particular, these 

constraints are 

                                  
             
          
            
       
             

which leaves a total of six freely definable constants that ultimately determine the final shape of 

the model. An example of one possible set of constants which might be defined is 

                   . Nonetheless, regardless of which constants are defined, the final general 

model for each stride is a piecewise system broken down into three functions: 

              
 

          
                                         

              
 

          
                                         

              
 

          
                                           

Since strides are periodic for each gait cycle, these three functions can be repeated indefinitely in 

sequential order to characterize the hip angles of each leg during walking. In particular, 

horizontally offsetting one gait cycle from another by 50% synchronizes both legs and fully 

characterizes walking. Figure 2-6 illustrates the final walking model, with the left leg shown first, 

the right leg synchronized accordingly, and finally both legs in phase with one another in a 

combined plot. Figure 2-6 also assumes each complete stride takes 1 second to complete which is 

the same assumption used in [58]. The black vertical bars in Figure 2-6 highlight double stance 

transitions between stance and swing for each leg. 
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Figure 2-6: Sinusoidal model of hip joint angles during walking for the left hip (top), right 

hip (middle), and both hips combined in-phase (bottom) 

To more clearly explain the phases shown in Figure 2-6, Figure 2-7 plots the right and 

left hip angles versus stride percent (instead of time), then matches the gait cycle phases from 

Figure 2-1 below the plot to show that if the right leg’s heel strike occurs at 0% of a stride then 

stance ensues through 60% of the stride. More specifically, from 0-50% of the stride, the right 

hip is in extension, then transitions to flexion from 50-60% of the stride. Next, the right leg 

undergoes toe off at 60% of the stride and swing ensues through 100% of the stride. During 

swing, from 60-85% of the stride, the right hip is in flexion. Then, from 85-100% of the stride, 

the right hip returns to extension. The same sinusoidal pattern occurs with the left hip, except 

with a 50% phase shift. Similar to the right hip angle plot, the left hip angle plot in Figure 2-6 

can also be matched with the left leg phases shown in Figure 2-1 to produce the labeled phases in 

Figure 2-7. 
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Figure 2-7: Combined illustration of walking phases from Figure 2-1 and sinusoidal model 

of left and right hip angles in phase from Figure 2-6 

Because this model would not be complete without a direct comparison to the CGA data 

from both Winter [15] and Kirtley [23], Figure 2-8 illustrates how closely the simple, three-

function sine model mimics actual CGA data when the constants in the sine functions are defined 

appropriately. The constants used to generate Figure 2-8 are documented in Table 2-1 for each 

data set. Although some differences between the model and the data are still visible, it is 

important to quantitatively determine how closely the model correlates with the CGA data by 

calculating correlation values (to determine the statistical significance of association) and R-

squared values (to show the fit percentage that explains the total variation in data about the 

average). These values are summarized in Table 2-2. 
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Figure 2-8: Comparison of the sine model to CGA data from Winter [15] (top) and Kirtley 

[23] (bottom) 

Table 2-1: Constants used to generate the sine models in Figure 2-8 

Data Set                           

Winter 18 0.5 0 2 21 0.32 1 

Kirtley 20.7 0.53 0 -1.8 21 0.35 1 

Table 2-2: Correlations between the CGA data and sine models in Figure 2-8 

Data Set Correlation R-Squared Value 

Winter .9981 .9956 

Kirtley .9956 .9870 

 

The closer the correlation and R-squared values are to 1 on a scale of 0 to 1, the higher 

the correlation between the data and the model. Therefore, Table 2-2 shows that the sine model 

highly correlates with either CGA data set (Winter or Kirtley) when the constants are set 

appropriately (such as those shown in Table 2-1). 

2.4: The Design Challenge with Supporting the Back during Stooped Walking 
  

 For people to walk efficiently when stooped, the weight of the torso must still be 

transferred to the ground as it is during upright walking either directly through a person’s body 

or indirectly via exoskeleton hardware. This implies that the stance leg must always be load 

bearing because of its contact with the ground. While this might sound easy and straightforward, 

it is quite difficult when dealing with walking as shown by Figure 2-7 because the fundamental 

problem is locking the hip joint on an exoskeleton to prevent flexion when a leg enters stance so 
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the weight of the body can be transmitted through that leg to the ground, then unlocking the hip 

joint during swing so the leg is not load-bearing and free to move in flexion. But a hip during the 

stance phase still requires the ability to extend when the opposite leg is in swing and flex during 

the final stage of stance (double stance) before entering swing. 

Although these criteria might seem complicated on the surface, they are easily satisfied 

by a simple wrap spring clutch mechanism (shown in Figure 2-10) which has been previously 

used in exoskeleton joint designs like [26] and [43] for medical applications. In particular, the 

wrap spring clutch allows rotation in one direction but not the opposite direction when the 

system is in its “Locked State.” Meanwhile, rotation is permitted in both directions for the 

system’s “Unlocked State.” More specifically, as labeled in Figure 2-9, a wrap spring clutch is 

comprised of two shafts and a torsion spring which contains a control tang. When designing an 

internal wrap spring clutch, typically, the torsion spring’s outer diameter is slightly larger than 

the shafts’ inner diameters. This means when the control tang is not actuated, the shafts are 

locked together in the rotation direction that unwinds (expands) the torsion spring coils, but still 

free to rotate in the opposite direction which winds (tightens) the torsion spring coils. Once the 

control tang is actuated in the direction that winds (tightens) the torsion spring coils, the shafts 

become free to rotate in either the coil winding or coil unwinding directions. This is illustrated in 

Figure 2-10 by assuming the red shaft is fixed while the green shaft is free to rotate. Ultimately, 

the wrap spring clutch’s “Locked State” satisfies the necessary criterion of preventing flexion 

while still allowing extension for the stance leg. Then, the wrap spring clutch can be freed to 

enable flexion. 

 
Figure 2-9: Components of a wrap spring clutch 

 
Figure 2-10: Operation of an internal wrap spring clutch 
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 Assuming the fixed shaft on the wrap spring clutch (red shaft in Figure 2-10) attaches to 

the torso and the freely rotating shaft on the wrap spring clutch (green shaft in Figure 2-10) 

attaches to a leg, the wrap spring clutch can serve as a hip actuator as shown in Figure 2-11. 

Because the left and right sides of a person’s body are mirror images of each other, the wrap 

spring clutches must also satisfy this criterion. Figure 2-11 illustrates two perspectives of a 

simple exoskeleton layout to show the mirror imaged orientations of the left and right wrap 

spring clutch hip actuators (specific design details for a wrap spring clutch hip actuator are 

discussed in Chapter 5). 

 

 
Figure 2-11: Basic exoskeleton structure from 2 perspectives to show differences in torsion 

spring wrapping directions 

 The wrap spring clutch hip actuation setup can also be summarized schematically and 

analyzed from a force perspective, as shown in Figure 2-12, where the wrap spring clutch resists 

flexion in its “Locked State” by creating the  moments             and               to support 

the weight of the torso          during stooping. In particular,        consists of a normal force 

applied to the torso link         and a friction force                  applied by the upper body 

bracing interface between the user and exoskeleton. Since the system attaches to the leg, the leg 

also applies a force        to the system which again consists of a normal force applied to the leg 

link          and a friction force                   applied by the leg bracing interface between the 

user and exoskeleton. As Figure 2-12 illustrates, the system maintains equilibrium during static 

stooping by having the forces sum to zero        and their respective moments combined 

with the clutch moments also sum to zero       . 
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Figure 2-12: Exoskeleton setup summarizing (left) bracing schematic, (middle) back 

support from the clutch, and (right) external forces from the user and clutch on the system 

2.5: Controls for Walking 
 

The basic finite state machine in Figure 2-13 illustrates wrap spring clutch operation for a 

single leg during walking. When transitioning from flexion to extension, as denoted by point A 

in Figure 2-14, the wrap spring clutch moves into its “Locked State” which allows the hip joint 

to extend but not flex. More specifically, point A is characterized by two simultaneous 

conditions: 1) the hip joint angular velocity equals zero        and 2) the hip joint angular 

acceleration is negative        . As noted in Figure 2-13, the two conditions (     and     ) 

comprise the transition from the “Unlocked State” to the “Locked State.” Since the hip joint 

cannot flex in the “Locked State,” the expected transition from extension to flexion (point B in 

Figure 2-14) must be identified a bit differently from point A. In particular, point B can be 

defined by the hip joint angular velocity approaching zero        while the hip joint angular 

acceleration is positive      . As shown in Figure 2-13, satisfying these two conditions which 

characterize point B (     and     ) allows the wrap spring clutch to transition from its 

“Locked State” to its “Unlocked State.” Because each hip can be controlled by a sensor from its 

own joint, operation of each leg’s wrap spring clutch is independent of the opposite leg and the 

finite state machine shown in Figure 2-13 permits continuous walking. 
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Figure 2-13: Finite state machine for wrap spring clutch operation when walking 

 
Figure 2-14: Hip flexion and extension phases for one stride of walking 

When a person is not moving, his or her leg velocity and acceleration are both zero. 

According to Figure 2-13, this means both legs are in the “Locked State” and neither leg can flex, 

thus the person cannot swing either leg forward to start walking. However, the person can swing 

a leg backwards since extension is allowed in the “Locked State.” When a leg swings backwards, 

the hip joint velocity associated with that leg changes from zero to a negative number, then 

approaches zero. This means the conditions to transition from the “Locked State” to the 

“Unlocked State” in Figure 2-13 (     and     )  are now satisfied and the wrap spring clutch 

is able to move to the “Unlocked State,” which allows the leg to swing forward.     

But the plot in Figure 2-14 does not ensure that the initial goal of the wrap spring clutch 

locking during stance to transfer the weight of the torso to the ground is fully satisfied because 

point B occurs during the stance phase before toe off. Therefore, Figure 2-15 highlights both legs’ 

combined flexion and extension intervals in-phase with one another for a single stride. Heel 

strike of the left leg occurs at point C in Figure 2-15, allowing the person to enter the first of two 

double stance states for a single stride. Because the left leg’s wrap spring clutch is already in its 

“Locked State” at point C, the right leg’s wrap spring clutch can enter its “Unlocked State” and 

transition from extension to flexion without leaving the torso unsupported because the torso 

weight is now transferred to the ground through the left leg. Similarly, heel strike of the right leg 

occurs at point D in Figure 2-15, allowing the person to enter the second double stance state for 

the stride. Because the right leg’s wrap spring clutch is already in its “Locked State” at point D, 
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the left leg’s wrap spring clutch can enter its “Unlocked State” to transition from extension to 

flexion without leaving the torso unsupported because the torso weight is now transferred to the 

ground through the right leg. 

 
Figure 2-15: Combined left and right hip extension and flexion phases for one stride of 

walking 

Analysis of Figure 2-15 also prompts a second option for transitioning between locked 

and unlocked clutch states by using the opposite leg’s ground reaction force. Since points C and 

D in Figure 2-15 mark heel strike of the opposite leg to which the wrap spring clutch must 

unlock, an alternative condition for characterizing point B in Figure 2-14 is the ground reaction 

force of the opposite leg                           . This implies that an alternative transition 

from the “Locked State” to the “Unlocked State” in Figure 2-13 is to sense heel strike of the 

opposite leg, which is noted by detecting a ground reaction force in Figure 2-16. Because each 

hip is no longer solely controlled by sensors from its own joint in the finite state machine in 

Figure 2-16, operation of each leg’s wrap spring clutch becomes dependent on a heel strike 

signal from the opposite leg for continuous walking (a comprehensive report on heel strike 

sensing can be found in Chapter 10). 

 
Figure 2-16: Alternative finite state machine to Figure 2-13 for wrap spring clutch 

operation when walking 

2.6: Controls for Stooping 
 

Since the control method described in Figure 2-13 depends on hip joint velocity and 

acceleration and provides no torso feedback, the user must manually disengage the wrap spring 

clutches on each leg to enter the “Unlocked State” to allow stooping. In particular, manually 
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disengaging both wrap spring clutches can be accomplished by simply actuating the wrap spring 

clutch control tangs as illustrated in Figure 2-10. When the person wants to stoop, he or she can 

manually disengage both wrap spring clutches and bend to the desired angle, then manually 

engage both wrap spring clutches by restoring the wrap spring clutch control tangs to their 

original positions to re-enter the “Locked State.” The finite state machine from Figure 2-13 has 

been updated in Figure 2-17 to accurately reflect manual engagement and disengagement to 

allow stooping. Similarly, the finite state machine from Figure 2-16 has also be updated in 

Figure 2-18 to include manual engagement and disengagement to allow stooping since the 

addition of heel strike sensing still does not provide any torso feedback. One final, added benefit 

of including manual disengagement to reach the “Unlocked State” in Figure 2-17 and Figure 

2-18 is enabling the user to free the wrap spring clutch to its “Unlocked State” (as in Figure 2-10) 

so he or she can walk without any reliance on sensors for hip actuation and torso support when 

he or she is not bearing a load (such as walking upright instead of stooped). 

 

 
Figure 2-17: Finite state machine for wrap spring clutch operation during stooping and 

walking based solely on the hip’s angular velocity and angular acceleration 

 

Figure 2-18: Alternative finite state machine for wrap spring clutch operation during 

stooping and walking from Figure 2-17  
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Chapter 3 : Overview and Operation of 5 Hip Actuation Designs 

3.1: Why 5 Designs? 
 

Back injuries affect a wide range of occupations, each of which has different motion 

requirements. For example, manual crop harvesters tend to bend over and walk for extended 

periods of time while nurses and movers routinely stoop and lift heavy equipment. Due to the 

wide range of movements associated with various occupations, certain designs are applicable to 

certain circumstances. Although one all-encompassing device which supports the back at all 

times could theoretically prevent back injuries for all occupations and might arguably be easiest 

to design and manufacture, certain device characteristics like weight, size, and maintenance 

would not be ideal for all workers. Therefore, this dissertation outlines five different hip 

actuation designs which prevent back injuries in different scenarios. 

In particular, Design #1 supports the back for long periods of static stooping and stooped 

walking. Meanwhile, Design #2 supports the back during stooping then immediately standing 

upright without walking. And finally, Designs #3-5 are all-encompassing designs which support 

the back during stooping, stooped walking, and standing upright at any time. Three all-

encompassing designs are included to highlight important differences in size, weight, cost, and 

power consumption. This becomes important when determining user needs like battery life, 

charge times, affordability, and space restrictions. 

The five designs in this dissertation fully summarize options for semi-passive and fully 

active hip actuation setups that prevent back injuries during stooping and walking. Due to the 

complex sensing and automation requirements for the hip actuators, fully passive designs were 

neglected to ensure proper device functionality under a wide range of use cases. 

3.2: Design #1 – Wrap Spring Clutch 
 

Although the wrap spring clutch hip actuation design outlined in Chapter 2 (Design #1) 

supports the back during stooping and walking, the design is applicable to a limited number of 

tasks. For a wrap-spring-clutch-only design to be effective, a person must work bent over for 

extended periods of time and minimally transition between stooping and upright standing 

because the design fails to dynamically support the person’s torso as he or she bends over then 

stands upright. This is an important consideration because many jobs require repeatedly stooping 

and standing upright rather than just statically stooping and working, and for those jobs the wrap-

spring-clutch-only design leaves users quite susceptible to back injuries because there is no 

dynamic support. 

3.3: Design #2 – Wrap Spring Clutch with Spring 

 

A compression member, such as a gas spring or compression spring, can be added in 

series with a wrap spring clutch, as schematically shown in Figure 3-1, to conserve energy 

during stooping and ultimately provide dynamic back support. Because the wrap spring clutch 

from Design #1 is included in series with the spring to comprise Design #2, the clutch’s design 

features which permit walking are still maintained in this setup. 
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Figure 3-1: Schematic of Design #2 (left) components and (right) stooping versus upright 

posture 

When the wrap spring clutch of a leg enters its “Locked State,” the clutch joint can still 

extend, but not flex.  Meanwhile, the new the spring joint is able to flex. When the spring joint 

flexes, the compression member (spring) compresses to support the load (torso). The schematic 

in Figure 3-1 illustrates spring compression when the person transitions from upright posture to 

stooping with the wrap spring clutch in its “Locked State.” Since the clutch joint cannot flex, the 

angle between the upper leg link and lower leg link remains constant while the angle between the 

torso link and the upper leg link decreases as the spring joint flexes and the spring compresses. 

Forces on the exoskeleton structure from the spring, wrap spring clutch, and person are 

shown in Figure 3-2. From a force perspective, the spring applies a force           to both the 

leg and torso links while compressed. It is this spring force which transfers the weight of the 

torso to the legs during stooping. Similar to Figure 2-12, the weight of the torso in Figure 3-2 is 

comprised of a normal force from the back on the torso link (     ) which opposes the normal 

component of the spring force (        ) and a parallel force to the torso link from the friction 

interface between the user’s upper body and the exoskeleton’s bracing (              ). 

Meanwhile, the clutch joint’s flexion resistance in the “Locked State” creates a moment (       ) 

which couples the upper and lower leg links to allow the spring to compress. The leg also 

produces a force on the system similar to Figure 2-12 and is comprised of a normal force on the 

system (    ) that opposes the supporting normal component of the spring force (        ) as 

well as a friction force (             ) from the interface between the user’s leg and exoskeleton’s 

bracing. In general, the system in Figure 3-2 maintains equilibrium during static stooping by 

having the sum of all forces equal zero        and their respective moments (resulting from 



23 
 

the distance between each force and the spring joint) also sum to zero       . To ensure the 

device does not slip along the person during squatting, the friction forces (               and 

             ) must be greater than the spring forces parallel to the respective members which will 

cause slipping (     ). Lastly, because this force diagram assumes the system uses bracing to 

attach to the user and does not extend to the ground as depicted in Figure 3-1, the pin joint is 

removed from the end of the leg.  

 
Figure 3-2: Forces on the exoskeleton during stooping for Design #2 

As the leg goes through the stance phase with the person’s foot remaining in contact with 

the ground, the spring joint extends, causing the spring to extend and return to its natural position 

as shown schematically in Figure 3-3. The reason the spring joint extends instead of the clutch 

joint is because the spring exerts a force on the upper leg link in an attempt to extend and attain 

equilibrium by returning to its natural state. When the leg extends during stance, the force from 

the spring on the upper leg link to extend the spring joint takes precedence over the clutch joint 

extending because the clutch joint is already in equilibrium. 
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Figure 3-3: Schematic of the spring joint and spring extending during stance 

Figure 3-4 shows a schematic for the system just before and after the wrap spring clutch 

enters its “Unlocked State.” If any compression in the spring remains when the wrap spring 

clutch is unlocked, the spring will immediately shoot out to return to its natural state. This means 

the spring will no longer exert a force on the torso or leg links (          from Figure 3-2). In 

this “Unlocked State,” the leg is also able to flex about the clutch joint and freely swing forward, 

meaning the upper leg link will retain its new orientation throughout leg flexion. 

 
Figure 3-4: Schematic for unlocking the wrap spring clutch joint 

Once the leg returns to its “Locked State,” the torso link will be loaded in the stance 

phase. This could cause the spring joint to again flex and the spring to compress, resulting in the 

torso link assuming a new position for stability. But if the person needs to maintain a set torso 

angle, he or she will have to support his or her torso load while stooped to avoid a new torso 

position. This means the only way Design #2 (a compression spring in series with a wrap spring 

clutch) would work is if the person moves the torso link back to its original orientation in Figure 

3-1, which defeats the purpose of supporting the torso while continuously walking when stooped. 

Therefore, the serial connection of a compression member and wrap spring clutch is not adequate 
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for supporting a person who must walk while stooped. Instead, this design is more useful when a 

person bends over then immediately stands upright without walking (more specific design details 

for Design #2 are discussed in Chapter 6). 

3.4: Design #3 – Dual Wrap Spring Clutch with Spring 

 

To prevent the spring joint in Design #2 from extending as the leg extends during 

walking, a second wrap spring clutch can be used as the spring joint (Design #3), as 

schematically shown in Figure 3-5. To avoid confusion between the two wrap spring clutches in 

Figure 3-5, the wrap spring clutch joint responsible for allowing leg flexion and extension during 

walking is referred to as the “leg clutch joint” while the wrap spring clutch joint responsible for 

controlling compression spring extension is referred to as the “spring clutch joint.” When 

compared to stance extension for Design #2 (Figure 3-3), the addition of the spring clutch joint 

in Design #3 prevents the spring joint from extending and thus allows the spring to stay 

compressed as the leg clutch joint extends in Figure 3-5. This means that the angle between the 

torso link and upper leg link are constant through stance extension, while the angle between the 

upper leg link and lower leg link decreases during stance extension. Therefore, the new spring 

clutch joint in Figure 3-5 acts opposite to the leg clutch joint when the wrap spring clutch is in its 

“Locked State,” meaning the spring clutch joint will be free to flex but not extend while the leg 

clutch joint is still free to extend but not flex as is the same case in Design #1 and Design #2. By 

allowing flexion but not extension when the spring clutch joint is in its “Locked State,” the 

spring will always compress as the spring clutch joint flexes to support a load but only extend 

when the spring clutch joint is unlocked. 

 
Figure 3-5: Schematic for stance extension when using a wrap spring clutch at both the 

spring joint and leg joint 

The addition of the spring clutch joint in Design #3 requires updating the force diagram 

from Design #2 (Figure 3-2) to Figure 3-6. Since the spring clutch joint applies a moment 

                 which prevents the spring from extending as the leg extends during stance, the 

spring continues to apply a force           to the torso and leg links to support the weight of the 

torso throughout leg extension. Meanwhile, all other components in Figure 3-6 remain the same 

as in Figure 3-2 and thus still allow the system in Figure 3-6 to maintain equilibrium during 
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static stooping by having the sum of all forces equal zero        and their respective 

moments (resulting from the distance between each force and the spring clutch joint) combined 

with the clutch moments also sum to zero       . 

 
Figure 3-6: Forces on the exoskeleton during stooping for Design #3 

Only when the spring clutch joint is manually disengaged to enter its “Unlocked State” is 

the spring able to extend and return to its natural state. The finite state machine in Figure 3-7 

shows that the person must manually disengage the spring joint’s wrap spring clutch when he or 

she is done walking and wants to stand up from a stooped position so the spring clutch joint can 

extend by entering its “Unlocked State.” In turn, the spring is able to extend and assist the person 

with his or her upward movement. Once the person is standing upright, he or she will manually 

engage the spring joint’s wrap spring clutch once again so the spring clutch joint can return to its 

“Locked State” and will be ready once again to support stooping. 

 
Figure 3-7: Finite state machine for the spring joint’s wrap spring clutch operation 



27 
 

While the simplest finite state machine for the spring joint’s wrap spring clutch is shown 

in Figure 3-7, manual control of the spring joint’s wrap spring clutch may not always be 

convenient. Therefore, an alternative finite state machine for the spring joint’s wrap spring clutch 

is shown in Figure 3-8. This new finite state machine relies on adding a sensor to the torso to 

measure the torso’s angular velocity, which is indicative of the need to switch between the 

“Locked State” and “Unlocked State.” If a person is bending over (stooping), the torso’s angular 

velocity will be positive (         ). Under this condition, the “Locked State” is needed to 

ensure the spring does not extend. Only when the person is standing upright from a stooped 

position is the “Unlocked State” necessary to allow the spring to extend and help the person 

stand up. This condition is noted by the torso’s angular velocity being negative (         ). As 

noted in Figure 3-8, when the person’s torso is not moving and therefore the torso’s angular 

velocity is zero, the wrap spring clutch must still be locked because the person could be holding 

a stooped position and walking at this time. 

 
Figure 3-8: Finite state machine for the spring joint’s wrap spring clutch operation using a 

sensor on the torso 

Since Figure 3-8 requires a sensor to be added to the torso, the finite state machine for the 

leg joint’s wrap spring clutch operation from Figure 2-17 can also be updated to eliminate the 

need for manual engagement of the leg joint’s wrap spring clutch during stooping. In particular, 

Figure 3-9 shows an updated finite state machine for the leg joint’s wrap spring clutch in Design 

#3. With the addition of the spring in the design, the leg clutch joint must enter the “Locked State” 

as soon as the person starts to stoop, which is again characterized by a positive torso angular 

velocity (         ). Since the addition of the spring eliminates the need for the leg clutch joint 

to enter the “Unlocked State” to enable stooping (as opposed to Design #1), there is no longer 

any need to disengage the leg joint’s wrap spring clutch for stooping as in Figure 2-17. Therefore, 

manual disengagement can be removed instead of replaced in Figure 3-9. 
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Figure 3-9: Updated finite state machine for the leg clutch joint’s wrap spring clutch 

operation 

 Because Design #3 builds upon Design #2 which supports a person’s back when bending 

over then immediately standing upright without walking, it should be noted that if this is the sole 

application of the design, the spring clutch joint can be disengaged to reduce power consumption. 

In this way, only one device needs to be built to achieve the functionality of both Design #2 and 

Design #3. But Design #3 still has drawbacks. Namely, requiring two wrap spring clutches plus a 

spring per hip actuation design complicates the original, elegant Design #1 solution by more than 

doubling the design’s size and weight. Furthermore, the control tang on each wrap spring clutch 

will ultimately need to be controlled by a small actuator, meaning an entire exoskeleton now 

requires a total of four actuators (2 per hip design) which must be synchronized and controlled 

appropriately (more specific design details for Design #3 are discussed in Chapter 7). 

3.5: Design #4 – High-Torque Motor 

 

An alternative solution to using the spring in Design #2 and Design #3 to support the 

back when stooping and standing upright is to use a high-torque motor (Design #4), such as a 

combined brushless DC motor with a harmonic gear system or a direct drive motor, as 

schematically shown in Figure 3-10. In this case, the force diagram is the same as in Figure 2-12 

except the clutch joint has been replaced with a high-torque motor and thus the clutch moment 

          is now created by the motor          as shown in Figure 3-11. 

 
Figure 3-10: Schematic diagram of a high-torque motor design 
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Figure 3-11: Forces on the exoskeleton during stooping for Design #4 

The motor ideally needs to be axially aligned with the hip while its input and output is 

connected to the torso and leg, respectively, to reduce back strain by actively generating a 

supporting torque. At the expense of adding complexity and weight to the overall exoskeleton 

design when compared to Design #3, this high-torque motor option reduces the total number of 

actuators on the exoskeleton to two (one for each hip). If a combined brushless DC motor with a 

harmonic gear system is selected to serve as the high-torque motor because of its compact design 

but low backdrivability (a backdrivable motor can be rotated when unpowered, but this particular 

design requires a very high torque to be backdriven), a complex control system is needed so the 

combined motor system can precisely mimic the hip flexion and extension patterns associated 

walking (Figure 2-14) to allow the user to walk without feeling any resistance from the 

exoskeleton. Meanwhile, if a direct drive motor is used because of its high backdrivability 

(meaning it can easily rotate when unpowered), a creative design which offsets the motor from 

the hip is necessary to accommodate the motor’s large size which would otherwise prevent a 

person from fitting through tight spaces like door frames if left axially aligned with the hip. More 

specifically, an exoskeleton design with a direct drive motor would have to reroute the motor’s 

input and output along different rotational axes (such as behind the user’s body versus in-line 

with the hip joint) and would be aesthetically unappealing. The torque controls on the direct 

drive motor would also need to adapt to walking patterns by appropriately increasing torque 

levels during stance to allow leg extension. The motor would then need to be shut off to allow 

backdriving during flexion to avoid needing to mimic the complex hip trajectory associated with 

walking. Overall, the former, combined, compact motor design which uses complex controls is 

more elegant from a hardware design perspective, but the ambiguity in developing a control 

system which accommodates all variations for any person’s gait cycle is quite challenging 

(specific details regarding motor selection for Design #4 are discussed in Chapter 8). 

3.6: Design #5 – High-Torque Motor with Wrap Spring Clutch 
 

 Instead of implementing a complex control system with a high-torque motor to enable 

continuous walking, a wrap spring clutch can be added in series with the motor (schematically 

shown in Figure 3-12) similar to Design #2. Adding a wrap spring clutch to the motor still offers 

the benefits of the motor’s high torque generation and low motor profile while adding the 

opportunity to easily control leg motions during walking. Like with the leg clutch joint in Design 

#3, the clutch joint in this new design (Design #5) is responsible for allowing flexion and 
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extension during walking. Specifically, Figure 3-12 schematically shows stance extension and 

closely parallels Figure 3-5, where the angle between the torso link and upper leg link again 

remains constant while the angle between the upper leg link and lower leg link decreases during 

leg extension because the clutch joint can still extend when the wrap spring clutch is in its 

“Locked State.” Since the clutch joint cannot flex in its “Locked State,” the motor is able to 

generate a torque to support the torso while the load is transferred through the exoskeleton and 

person’s stance leg to the ground. Force analysis for this design is shown in Figure 3-13, where 

the moments created by the wrap spring clutch           and high-torque motor          
support the torso weight           during stooping while the leg force        balances and 

supports the system. Both the torso weight          and leg force        are comprised of 

normal and parallel components to the torso and leg links, respectively, in the analysis shown in 

Figure 3-13. 

 
Figure 3-12: Schematic of a high-torque motor and clutch design during stance extension 

 

Figure 3-13: Forces on the exoskeleton during stooping for Design #5 
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Once the leg is ready to enter flexion, the clutch joint transitions from its “Locked State” 

to its “Unlocked State” to allow the lower leg link to flex accordingly, as schematically shown in 

Figure 3-14. Most notably, the leg is now free to swing and the angle between the upper leg link 

and the lower leg link increases as the clutch joint flexes. 

 
Figure 3-14: Schematic of a high-torque motor and clutch design transitioning to flexion 

 Ultimately, adding a wrap spring clutch to the high-torque motor makes the clutch 

controls for Design #5 the same as those in Design #3 (Figure 3-9), as reproduced in Figure 3-15 

for ease of viewing. Again, when the person stoops, his or her torso angular velocity increases 

(         ) and the wrap spring clutch must enter its “Locked State” to prevent flexion so the 

motor can provide torso support to the person. The wrap spring clutch still does not need to enter 

its “Unlocked State” when the person stands upright because the clutch joint is always free to 

extend, even when it is in its “Locked State.” 

 

 
Figure 3-15: Finite state machine for clutch operation in Design #5 (same as Design #3 and 

Figure 3-9) 

Despite Design #5’s decrease in control system complexity for its high-torque motor 

compared to Design #4, it must be noted that high-torque motors are heavy and would, therefore, 

require that the exoskeleton hardware extend to the ground for either Design #4 or Design #5. 
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This would then entail including knee joints and shoe inserts, at the least, to ensure the user does 

not have to support the additional hardware weight from the high-torque motor, battery, and 

circuit board. 

It is also important to realize that incorporating a wrap spring clutch in Design #5 still 

adds a second actuator to the hip actuation design, which again increases the total number of 

actuators for the exoskeleton to four (two actuators per hip).While this setup might ultimately be 

more versatile for a larger audience because the hip torque can be easily adjusted for any user, 

from a size perspective it might be less elegant to use this setup than Design #3 because an 

increased amount of power is also necessary on top of a larger, heavier exoskeleton design (more 

specific design details for Design #5 are discussed in Chapter 9).  

3.7: Summary of Designs 

 

Ultimately, Designs #1-5 each have their own application niches. In particular, Design #1 

mainly provides back support to people who predominantly work stooped without standing 

upright, while Design #2 adds dynamic back support when stooping then immediately standing 

upright. Meanwhile, Design #3 provides back support control when standing upright at any time 

to allow a user to walk bent over then stand up supported. Designs #4-5, on the other hand, offer 

alternatives to the all-encompassing Design #3. 

Table 3-1 summarizes each of the five designs covered in this chapter. In the “Actuators” 

category in Table 3-1, both large and small motors are included for generating hip torque and 

engaging and disengaging wrap spring clutches, respectively. 
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Table 3-1: Summary of five designs that provide back support 

 
 

 
  



34 
 

Chapter 4 : Human Factors Approximations 

4.1: Stooping Torque Estimation 
 

Before designing the wrap spring clutches and motors for Designs #1-5, the minimum 

locking torque required to support the back during stooping must be calculated. In the case of a 

hip actuator which supports the back during stooping, the minimum locking torque is equivalent 

to the maximum moment at the hip which is supported by the trunk muscles (shown in Figure 

4-1). Since the trunk muscle moment is equal and opposite to the moment resulting from the 

weight of the trunk and the horizontal offset between the center of mass of the trunk and the hip 

joint (as illustrated in Figure 4-1 by   and  , respectively), the moment caused by the weight of 

the trunk (denoted      ) is approximated using the following equation 

           ( 4-1 ) 

where W is the weight of the torso and x is the horizontal offset of the center of mass of the trunk 

from the hip in the sagittal plane. In particular, x, which is illustrated in Figure 4-1, is calculated 

by 

          ( 4-2 ) 

where L is the distance from the hip to the center of mass of the torso and θ is the angle to which 

the torso bends from its vertical position. Combining Equations 4-1 and 4-2 yields the governing 

equation 

                ( 4-3 ) 

which represents the moment about the hip that must be supported during stooping (     ) as a 

function of the torso bending angle, θ. 

 
Figure 4-1: Biomechanics of bending at the hip 

Because the aim of this dissertation is to reduce back muscle strain by generating a torque 

which opposes      , it is crucial to accurately estimate L and W from Equation 4-3 using basic 

anthropomorphic data. In particular, [15] approximates the weight of the torso to be 49.7% of a 
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person’s total weight and the distance from the hip to the center of mass of the torso to be 50% of 

the distance from a person’s hip (greater trochanter) to his or her shoulder (glenohumeral joint). 

Although L and W are unique to each person, a base line estimation is needed for design 

purposes. In particular, [16] approximates that for an average male in the ninety-fifth percentile, 

his weight is about 224 pounds and the distance from his hip to his shoulder is about 21.5 inches, 

meaning                 pounds and               inches in Equation 4-3 

which yields a 1200 inch-pounds final minimum torque for the hip actuation system (assuming 

      to yield the function’s maximum value). 

It should be noted that [16] does not directly reference the hip-to-shoulder distance. 

Instead, this dissertation uses the distances during sitting from the seat to midshoulder and thigh 

clearance, then approximates the hip to be located in the middle of the thigh, which seems to be a 

reasonable assumption based on anatomical illustrations like the one shown in Figure 4-2. 

Ultimately, these estimations yield a final distance from hip to shoulder as 

                                                        
 

 
                  

 or                   inches for a ninety-fifth percentile male [16]. 

 
Figure 4-2: Adapted from [17] to show anatomical locations used to approximate trunk 

weight 

 However, the body in reality contains other support structures like bones, muscles, 

tendons, and ligaments which are not represented in the simple force diagram shown in Figure 

4-1 but still support the back as it bends forward. From a physiological perspective, the forces 

provided by these structures cannot be completely “turned off” because something in the nervous 

system is uncontrollably helping to keep a person balanced and automatically triggering muscles 

to fire when bending over [20]. This means the hip actuation design only needs to compensate 

for some percentage of Equation 4-3. [18] validates this assertion for a neck support design 

which had to be revised because the torque generator was too stiff due to assumptions that the 

device had to support the full weight of a head during initial designs. 

In an attempt to avoid needing a similar redesign for the hip actuators, this dissertation 

follows data in [19] to approximate that the apophyseal joints carry 25% of the bending load on 

the spine. This makes the new equation for the torque that a hip actuation design needs to support 

                     ( 4-4 ) 
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meaning the maximum moment at the hip (and minimum torque for the hip actuator) is now 

              since the maximum in Equation 4-4 occurs when the torso is bent 90° from its 

vertical position (     ). 
This reduces the final maximum total torque for a ninety-fifth percentile male to 300 

inch-pounds, or 150 inch-pounds per hip. Although decreasing the original supporting torque of 

the system from a deadweight estimate of 1200 inch-pounds to an updated, actively supported 

requirement of 300 inch-pounds might seem farfetched given that experimental stooping data 

shows muscle forces versus passive ligamentous forces measure about 664 inch-pounds versus 

354 inch-pounds [20] or 796 inch-pounds versus 221 inch-pounds [5] at the L5-S1 spinal level, 

experimental studies (such as [6]) which use back support devices that only provide a maximum 

torque of 160 inch-pounds at each hip have already been proven effective. 

Another important assumption for hip actuator torques in this dissertation is that when a 

person walks while bent over, his or her stance leg still only needs to support half of the torso 

load. Meanwhile, the other half of the torso load (and associated torque) is assumed to be 

physiologically and inherently self-supported by the human body to keep the person balanced 

and prevent him or her from falling over while walking. This assumption plays a vital role in the 

hip actuation torque parameter and must be closely monitored during testing.  

 It is also important to remember that the torque statistic which has been used thus far is 

for a large male. Therefore, Table 4-1 lists statistics from [16] for other sizes of people then 

calculates the maximum torque expected for each hip (           ) using the following equation 

            
 

 
                                            

 

 
                     

where         is the total weight of the person,                 is the distance from the seat to 

midshoulder during sitting, and                  is the person’s thigh clearance height during 

sitting. When analyzing the maximum torque values for a single hip in Table 4-1, it becomes 

evident that a subject’s anthropomorphic data greatly affects the system’s minimum required hip 

torque which can greatly influence a hip actuator’s design. For example, when comparing the 

two extremes (a large male in the ninety-fifth percentile and a small female in the fifth 

percentile), the required torque at each hip ranges from 150 inch-pounds to 52 inch-pounds (from 

Table 4-1) which is almost a factor of three difference. 
 

Table 4-1: Data summarized from [16] to calculate the maximum torque on each hip 

Percentile Gender Weight Midshoulder-to-Seat 

Distance 

Thigh Clearance 

Height 

Max Torque 

on Each Hip 

95
th

 Male 224 lb 25 in 6.9 in 150 in-lb 

95
th

 Female 208 lb 25 in 6.9 in 139 in-lb 

50
th

 Male 168 lb 24 in 5.7 in 110 in-lb 

50
th

 Female 139 lb 23 in 5.4 in 88 in-lb 

5
th

 Male 124 lb 21 in 4.3 in 73 in-lb 

5
th

 Female 104 lb 18 in 4.1 in 52 in-lb 

4.2: Walking and Stooping Hip Velocity and Torque Estimates 

 

 When selecting a high-torque motor for Designs #4-5, a person’s angular velocity at the 

hip must also be characterized for both walking and stooping in addition to the hip torque. This is 
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to ensure that an appropriate motor is selected because motors are commonly characterized by 

torque versus angular velocity plots. 

Starting by characterizing walking, Figure 4-3 illustrates the hip angular velocity profile 

for one gait cycle based on the sinusoidal hip angle plot in Figure 2-6. Since this dissertation 

does not aim to augment walking, no torque needs to be applied at the hip to help the leg when a 

person walks (meaning the person walks freely on his or her own accord and the motor simply 

follows without providing an assisting torque to the leg). Thus, the minimum speed the motor 

must satisfy at a zero torque value is about 22 degrees per second (0.38 radians per second) 

based on the critical points in Figure 4-3. 

 

 
Figure 4-3: Walking characteristics of the hip for (top) angular displacement from Figure 

2-6 and (bottom) corresponding angular velocity 

On top of the walking criterion, the motor specifications for Designs #4-5 must also 

satisfy the torque versus angular velocity profile for stooping. Therefore, a sine function is used 

to approximate stooping angular velocity as a function of time due to the sine function’s similar 

trajectory to real stooping trajectories as shown by comparing data from [5] and [20] (reproduced 

in Figure 4-4) to the model shown in Figure 4-5. Using the angular displacement model in Figure 

4-5, the angular velocity of the torso during stooping can also be approximated (shown in Figure 

4-5 as well). The total time duration in Figure 4-5 to complete a full stooping motion to 90° is 

assumed be 6.5 seconds to satisfy angular displacement data from [5] (reproduced in Figure 4-4) 

which shows a 2-second duration to stoop from 0° to 70° then 2 more seconds to return to 0° 

from 70°. A 90° stooping angle is used in Figure 4-5 because the maximum stooping torque 

occurs at 90° based on Equation 4-4. 
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Figure 4-4: Stooping angle data for hip angle versus time (left) adapted from [5] and (right) 

adapted from [20] 

 
Figure 4-5: Stooping approximations for (top) Angular displacement and (bottom) 

corresponding angular velocity  

When approximating the stooping torque profile, a sinusoidal shape is assumed based on 

Equation 4-4 and data in [5] and [20]. Meanwhile, Table 4-1 shows that the maximum torque 

which must be supported at 90° of stooping is 150 inch-pounds (17 Newton-meters). Using these 

parameters, Figure 4-6 is produced. Because the time scales are the same for the stooping 

angular velocity and torque trajectories (Figure 4-5 and Figure 4-6, respectively), stooping torque 

versus angular velocity can be discerned as shown by Figure 4-7 to ensure an appropriate hip 

motor is selected for Designs #4-5. 
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Figure 4-6: Stooping torque approximation for a male in the ninety-fifth percentile 

 
Figure 4-7: Stooping torque versus angular velocity for a male in the ninety-fifth percentile  

In the end, the walking requirement for the motor is less than that for stooping (22 

degrees per second from Figure 4-3 versus 70 degrees per second from Figure 4-7 for zero torque, 

respectively). Therefore, it can be assumed that any motor which satisfies the torque versus 

angular velocity profile for stooping as shown in Figure 4-7 will be inherently applicable to 

unassisted walking. 
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Chapter 5 : Details for Design #1 

5.1: Design Overview for a Wrap Spring Clutch 
 

A wrap spring clutch can have either an external configuration (Figure 5-1) or an internal 

configuration (Figure 5-2). Assuming the green shaft is free to rotate relative to the red shaft for 

the external wrap spring clutch shown in Figure 5-1, the green shaft will always rotate in the coil 

unwinding direction, but only rotate in the coil winding direction when the control tang is 

actuated in the direction that unwinds the coils (as shown in Figure 5-1). Meanwhile, for the 

internal wrap spring clutch shown in Figure 5-2 (still assuming the green shaft is free to rotate 

relative to the red shaft), the green shaft will always rotate in the coil winding direction, but only 

rotate in the coil unwinding direction when the control tang is actuated in the direction that winds 

the coils (as shown in Figure 5-2). 

 
Figure 5-1: External wrap spring clutch operation 

 
Figure 5-2: Internal wrap spring clutch operation 

 An exploded view of a complete hip actuation design using an external wrap spring 

clutch configuration is shown in Figure 5-3. The design includes an actuator which controls the 

position of the control tang and thus the state of the clutch (locked versus unlocked as shown in 

Figure 5-1). Aside from the basic components (a torsion spring, two shafts with extruded links to 

interface with the torso and leg, and an actuator), a spring clamp and bearings are also necessary 

for the design to be fully functional. In particular, the spring clamp must secure the torsion spring 

to the fixed shaft in the clutch mechanism (equivalent to the red shaft in Figure 5-1). Meanwhile, 

the combination of sleeve bearings to handle radial loads and thrust bearings to handle axial 
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loads in Figure 5-3 ensures low-friction motion while minimizing the thickness added to the 

overall design. 

 
Figure 5-3: Exploded view of an external wrap spring clutch design 

 A full hip actuation design using an internal wrap spring clutch instead of an external 

wrap spring clutch (Figure 5-3) is shown in Figure 5-4 to highlight two main differences in the 

configurations of an internal versus external design: size and design complexity. Because 

extruded links on both shafts are required for interfacing with the torso and leg, an internal wrap 

spring clutch is thinner than an external wrap spring clutch since the torsion spring can span the 

entire thickness of the extrusion. In comparison, an external wrap spring clutch increases the 

total thickness of the design by the necessary thickness of the link extrusions. The outer diameter 

of an external wrap spring clutch will also increase due to the external torsion spring clamp. But 

depending on the design’s final internal diameter size, it may be hard to incorporate bearings 

plus the inner clamping mechanism which fixes the torsion spring to the fixed shaft. In particular, 

too small of an internal diameter could result in an inner clamping mechanism which is difficult 

to access during assembly. Therefore, design complexity is the second difference between the 

clutch configurations. A trantorque with a small C-clamp (shown in Figure 5-4) is an easy 

clamping solution, but the fixed off-the-shelf trantorque lengths could eliminate any of the 

aforementioned reductions in design thickness compared to using an external wrap spring clutch 

design because the off-the-shelf trantorque lengths generally increase as the diameters increase. 

When the overall width requirement for an internal wrap spring clutch design is less than the 

associated trantorque length, either a custom trantorque must be designed to fit the criterion or an 

alternative clamping mechanism like a set screw design must be implemented. But the inner 

diameter of the clamp becomes an important consideration for a set screw design because the 

tool needed to tighten the set screws must not only fit inside the clamp, but also be easy to use 

and functional in the tight space. 
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Figure 5-4: Exploded view of an internal wrap spring clutch design 

Another noticeable factor between an external versus internal wrap spring clutch design 

is the final assembly’s aesthetic appeal as shown in Figure 5-5. By housing all of the clutch 

components internally, the internal wrap spring clutch design is inherently covered. 

 
Figure 5-5: Assembly of an (left) external wrap spring clutch and (right) internal wrap 

spring clutch 

In summary, factors such as size constraints, design complexity, and use of custom versus 

off-the-shelf components must be thoroughly considered when deciding between an internal 

versus external wrap spring clutch. 
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5.2: Design Parameters for a Wrap Spring Clutch 

 

A wrap spring clutch’s maximum locking torque between two shafts is calculated by the 

equation 

    
      

 

 
             ( 5-1 ) 

where    is the total torque transmitted between the two shafts (and must be greater than or equal 

to the maximum torque required to support stooping),    is the initial pressure between the 

torsion spring and shaft (calculated in Equation 5-2 below),   is the width of the torsion spring 

wire (diameter of the torsion spring wire if using a circular cross section),   is the diameter of 

the shaft component contacting the torsion spring,   is the coefficient of friction between the 

torsion spring and shaft, and   is the number of coils contacting the shaft. 

 From Equation 5-1,    is calculated by the equation 

    
      

       
    ( 5-2 ) 

where   is the torsion spring wire’s Young’s modulus,   is the torsion spring wire’s area moment 

of inertia,   is the diametric interference between the torsion spring and shaft,   is the torsion 

spring wire height, and    is the pressure induced by the centrifugal force under high rotational 

velocities of the system. Because this dissertation’s application for a wrap spring clutch is a 

slow-rotating hip joint, it is safe to assume     . Meanwhile, the torsion spring wire can also 

have either a circular or rectangular cross section, which makes the area moment of inertia either 

  
   

  
 

for a circular cross section with   as the diameter of the wire’s cross section or 

  
   

  
 

for a rectangular cross section with   as the height of the wire and   still the width of the wire as 

in Equation 5-1. 

 Combining Equations 5-1 and 5-2 with the assumption that      yields 

    
          

      
              ( 5-3 ) 

When designing a wrap spring clutch,    in Equation 5-3 is the maximum torque required at each 

hip from Table 4-1. In particular, Equation 5-3 demonstrates that the clutch’s maximum shaft 

diameter and length depend on the torsion spring diameter, wire size, number of wraps, and 

diametric interference; while material selections for the shaft and torsion spring determine the 

Young’s modulus and friction coefficient. 

 An example set of design parameters calculated using Equation 5-3 for both an internal 

and external wrap spring clutch to satisfy the minimum 150 inch-pound torque required for a 

male in the ninety-fifth percentile are shown in Table 5-1. For this design, a torsion spring by 

Lee Spring, model LTR075M-08-M, was used.  
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Table 5-1: Example clutch designs to satisfy a 150 inch-pound hip torque requirement 

Parameter Internal Clutch Design External Clutch Design 

Steel-Steel Friction Coefficient  [43] 0.15 0.15 

Diametric Interference 0.033 inches 0.035 inches 

Shaft Diameter for Spring Contact 1.315 inches 1.383 inches 

Spring Wire Diameter 0.075 inches 0.075 inches 

Number of Active Coils 5 5 

Music Wire Young’s Modulus        psi        psi 

 

When calculating wrap spring clutch design parameters like those listed in Table 5-1, it is 

recommended to follow some general guidelines because an actuator (as shown in Figure 5-3 and 

Figure 5-4) must be able to actuate the control tang and switch the clutch between its locked and 

unlocked states. To ensure that an appropriate, compact actuator with the proper range of motion 

and force specifications is available to actuate the control tang, both [26] and [43] discuss the 

importance of choosing the right torsion spring wire and diametric interference. In particular, 

neither [26] nor [43] use a wire diameter larger than 0.078 inches or a diametric interference 

larger than 0.043 inches. For designs which meet these constraints, potential actuators include a 

linear actuator like the Firgelli OQ12-30-12-P from [43] or a servo motor like the Hitec 32085S 

HS-85MG Metal Gear Micro or Futuba S3102 Aircraft Micro Servo from [26]. But if the design 

parameters are not similar to those in [26] and [43], experimental measurements of the force and 

range of motion required to actuate the control tang are necessary to ensure an appropriate 

actuator is used. 

Stress analysis on both the torsion spring and shaft are also necessary when selecting 

wrap spring clutch parameters to ensure the design will not fail during use. The general equation 

for calculating axial stress of the torsion spring is the same whether using an internal or external 

wrap spring clutch, but the loading changes from compressive to tensile, respectively. As [43] 

points out, an internal wrap spring clutch design is more advantageous for fatigue loading 

because of its compressive axial stress. To start, the maximum axial stress at the center crossover 

wire in the torsion spring (wire which has the highest stress) is calculated using the equation 

         
   

    
 ( 5-4 ) 

where    is the locking torque from Equation 5-3,    is the mean clutch diameter, and   is the 

torsion spring’s cross sectional area.    in Equation 5-4 represents the diameter to the center of 

the torsion spring when wrapped around the shaft, meaning        for an external wrap 

spring clutch design and        for an internal wrap spring clutch design where   is the 

width of the torsion spring wire as in Equation 5-1 for either case. 

 Next, the tangential and radial stresses on the shaft are calculated assuming a thick-

walled vessel and applying basic hoop stress equations. The general equation for the tangential 

stress as a function of the radius of the shaft at which the stress is being calculated is therefore 

                  
    

      
  

  
   

        
  

      
  

( 5-5 ) 

where    is the internal pressure on the shaft,    is the external pressure on the shaft,    is the 

outer shaft radius,    is the inner shaft radius, and   is the radius on the shaft at which the stress is 
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being calculated. Meanwhile, the general equation for the radial stress, again as a function of the 

radius of the shaft at which the stress is being calculated, is 

              
    

      
  

  
   

        
  

      
  

( 5-6 ) 

where the variable definitions remain the same as in Equation 5-5. In Equations 5-5 and 5-6, the 

pressure calculations can also be defined as         
   

      
 with   the same as in 

Equation 5-1 and    the same as in Equation 5-4 assuming pressure is estimated as the torque’s 

tangential component and torsion spring’s projected area. Although Equations 5-5 and 5-6 are 

applicable stress calculations for both an external wrap spring clutch design and an internal wrap 

spring clutch design,      for an internal wrap spring clutch while      for an external wrap 

spring clutch. It should be noted that the pressure equation above, from [43] differs slightly from 

[45] which calculates pressure as   
   

    
 . But because the difference between   and    is 

small, this does not make a large difference in the stress calculations. 

If further details of wrap spring clutch stress analyses are desired, the reader is referred to 

[43] for an external wrap spring clutch design and [45] for an internal wrap spring clutch design. 

[45] also discusses wrap spring clutch designs for non-uniform torsion springs with respect to the 

design of both shaft diameters and torsion spring wire cross sections. Meanwhile, [43] provides a 

more in-depth discussion for selecting appropriate wrap spring clutch design parameters. 
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Chapter 6 : Details for Design #2 

6.1: Using a Gas Spring for Design #2 
 

A gas spring is a compact, high-force spring which is comprised of a cylinder filled with 

nitrogen gas. When a force is applied to the rod of the gas spring, the nitrogen gas compresses to 

resist motion. Unlike most common springs which have a linear force profile, gas springs require 

a minimum force for compression then reach their maximum force soon after over the course of 

the spring’s stroke length as generally shown in Figure 6-1. The following equation from [46] 

characterizes the gas spring force as a function of its stroke 

                
    

             
   

   
 
 

 

 ( 6-1 ) 

where     is the initial force for the set charging pressure,      is the spring’s nominal stroke, 

      is the stroke length that has been compressed,    is the spring’s nominal initial force,     

is the spring’s nominal force at full stroke, and   is the polytropic index. If the gas spring is left 

in its original state (no pressure is released),        . Meanwhile, if the temperature in the 

system does not change when the piston is compressed,    . 

 
Figure 6-1: General behavior of a gas spring 

 The unique gas spring force profile shown in Figure 6-1 is advantageous for a hip 

actuator because it can generate a custom torque profile. An example of the unique torque profile 

that can be produced with a gas spring is shown in [26] and reproduced in Figure 6-2. To explain 

the design from [26] that produces Figure 6-2, Figure 6-3 illustrates a basic gas spring layout and 

identifies important design components associated with producing the unique torque profile. To 

understand how to generate Figure 6-3, this dissertation starts by assuming the general torque 

from the design in [26] (    ) is  

                     ( 6-2 ) 

where            is from Equation 6-1 and      is shown in Figure 6-3. Figure 6-3 also shows 

that     , can be calculated as 

                 ( 6-3 ) 

where 
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by the trigonometric law of sines which simplifies to  

         
        

 
  ( 6-4 ) 

such that (by the trigonometric law of cosines and Pythagorean theorem, respectively) 

      
    

                ( 6-5 ) 

            ( 6-6 ) 

and  

            ( 6-7 ) 

The definitions of Equations 6-3 through 6-7 are also used to compute       in Equation 6-1 as 

                             
    

 
   ( 6-8 ) 

Because this concludes the main equations needed to find the torque profile for a gas spring 

design (like that shown in Figure 6-2), the reader is referred to [26] if a more detailed derivation 

of terms is desired. 

 
Figure 6-2: Torque profile for knee exoskeleton design in [26]  (1 Nm ≈ 8.85 in-lbf) 
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Figure 6-3: Basic gas spring skeleton for torque analysis 

Unfortunately, the torque trajectory produced by a gas spring is shifted from the desired 

hip torque profile for stooping (established by Equation 4-4) as shown by Figure 6-4. In the case 

of Figure 6-4, if there is no horizontal phase shift to delay the gas spring torque, the gas spring 

would act as a rigid link (hard stop) for bending angles less than 50° unless the user applies 

excessive force to fight the gas spring enough to cause it to compress in this range and permit 

stooping. But since the torque plots are similar in shape, a horizontal phase shift will closely 

align the gas spring’s torque profile with the hip actuation design, as shown by the 50° shift in 

Figure 6-4. This phase shift can easily be accomplished by keeping the wrap spring clutch 

unlocked until the user reaches a bending angle that produces a high enough torque (50° in 

Figure 6-4) to naturally compress the spring without needing to apply extra force. But this also 

implies the gas spring will not conserve energy or support the dynamic stooping motion for 

bending angles less than 50° since the gas spring cannot be naturally compressed. 
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Figure 6-4: (top) Torque profile using a gas spring design versus desired hip torque profile 

during stooping; (bottom) gas spring design torque profile shifted 50° to align with hip 

torque profile during stooping 

When producing the gas spring torque profile in Figure 6-4, it should also be noted that 

this dissertation used the same Kaller R12 gas spring model as [26] to ensure the gas spring setup 

maintained the same dimensions as the component specifications used to generate Figure 6-2, but 

a different gas spring series and thus force characteristics was used to ensure the gas spring 

torque profile matched a realistic torque level produced at the hip during stooping. The new 

initial gas spring force was 250 Newtons and final gas spring force was 416 Newtons to reduce 

the amplitude of the torque profile from Figure 6-2 to about 15 Newton-meters (130 inch-pounds) 

which is applicable for stooping based on Table 4-1. 

Although the gas spring’s initial and final forces are easy to change by either using a 

different gas spring model or releasing some of the nitrogen gas in the spring, neither of these 

methods horizontally shifts the gas spring curve in Figure 6-4. But the gas spring torque (    ) 

produced in Equation 6-2 is ultimately a function of the various links in Figure 6-3. Therefore, 

when looking at the variable definitions in Equations 6-3 through 6-7, it can be seen that 

changing any of the link lengths (       ) will also modify the torque profile in Figure 6-2. 

Unfortunately, though, altering the link lengths still has little affect on horizontally 

shifting the gas spring torque plot. Instead, the amplitude of the curve changes as shown in 

Figure 6-5 where link lengths (       ) were modified one variable per plot compared to that 

originally produced in Figure 6-4. It should be noted that the realistic design limits for hip 

bending angles were not taken into account when setting the horizontal axis range in Figure 6-5. 

Instead, Figure 6-5 is simply included to emphasize a lack of horizontal plot shifting when 

changing link lengths, and the same axes ranges were used in all plots for uniformity and ease of 

comparison. 
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Figure 6-5: Effects of individual changes in link lengths for a, b, c, and d from the top to 

bottom plots, respectively, compared to the original plot in Figure 6-2 (shown in black) 

 When looking closer at Figure 6-5, it is evident that modifications to   and  , especially, 

had little effect on the final torque profile of the system. Specifically,   had the smallest effect on 

the gas spring torque because   dominates the calculation of    from Equation 6-6 since   is 

much larger than  . Meanwhile, Figure 6-5 also shows that smaller changes to   and   had a 

much larger impact on the final torque profile of the system. This is because   and   are not only 

used to calculate    from Equation 6-7, but also   which is calculated as 

        
      

    

      
  

and can also be written as 
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which shows that   also directly factors into the calculation of the hip angle (      if keeping 

consistent with the symbols from Figure 6-3). 

 Although Figure 6-5 illustrates that altering the link lengths in Figure 6-3 have little 

influence over horizontally shifting the gas spring torque plot, Figure 6-5 also shows that small 

modifications to links   and   cause large changes to the final gas spring torque profile. This is 

advantageous when using a gas spring as a torque generator which needs to appeal to a wide 

range of user characteristics like those found in Table 4-1 because a simple link adjustment 

mechanism (like a screw) could easily vary the moment arm and thus the torque provided by the 

gas spring design. 

But ultimately, not being able to horizontally shift the gas spring torque by modifying the 

gas spring design implies that the wrap spring clutch in Design #2 will have to engage at some 

intermediate stooping angle which still leaves the torso unsupported when stooping begins. 

Furthermore, if the necessary starting torque for spring engagement is decreased by reducing the 

amplitude of the system to allow the gas spring to engage earlier in the stooping cycle, the 

maximum torque which the gas spring design provides will also decrease and result in energy not 

being conserved at larger stooping angles which still leaves workers susceptible to back injuries. 

 

6.2: Using a Clock Spring for Design #2 

 

 Instead of using a gas spring which requires a minimum force to compress, a small, 

compact clock spring which generates a large, linear torque profile for up to 360° of rotation 

could be used in Design #2. But substituting a clock spring for a gas spring from the design in 

[26] requires a new architecture since a linear compression spring has been replaced with a 

rotary tension spring. Therefore, a newly modified design which contains the basic clock spring 

and clutch components is shown in Figure 6-6. In this design, both the leg link and the torso link 

are comprised of two components, all of which clamp together to form a complete exoskeleton 

hip joint. In particular, the torso links are the outermost components with “Torso Link 2” in 

Figure 6-6 serving as the inner anchor to the clock spring and “Torso Link 1” clamping to “Torso 

Link 2” to hold together the whole hip joint and attach to the upper body. The leg link is also 

comprised of two components which serve as the two clutch shafts. “Leg Link 2” also connects 

to the outer end of the clock spring to provide dynamic stooping support. When the clutch is 

disengaged, “Leg Link 1” is free to rotate and thus the person’s hip is free to move in both 

flexion and extension. But when the clutch is engaged, the leg links lock together to allow the 

clock spring to engage and resist flexion. Similar to the clutch-only design (Design #1), the 

design in Figure 6-6 also contains bearings to reduce friction between components, a trantorque 

and clamp because the clutch is an internal clutch design, and an actuator to engage and 

disengage the clutch. It should be noted that the design in Figure 6-6 is just one example of a 

possible configuration for Design #2 and other variations of the design exist to accomplish the 

same goal. 
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Figure 6-6: Example layout for Design #2 using a clock spring 

The linear torque profile of the clock spring makes the torque generator more conducive 

to naturally following the torque trajectory of the torso over a range of bending angles without 

requiring extra force from the user. A basic illustration of a clock spring with its main 

components labeled is shown in Figure 6-7. More specifically, the clock spring’s torque     is 

characterized by 

   
         

    
   

 
( 6-9 ) 

where   is the Young’s modulus of the clock spring material,   is the width of the clock spring,   

is the thickness of the clock spring,   is the angular deflection of the clock spring in degrees, and 

  is the length of the active material in the clock spring. Equation 6-9 from [70] shows that the 

torque of the clock spring is a function of angular deflection. This means no minimum force is 

needed to charge a clock spring before it deflects as shown by comparing the general gas spring 

behavior from Figure 6-1 to the general clock spring behavior in Figure 6-8. The compact size of 

the spring is best noted by calculating the spring’s outer diameter      using the following 

equation from [70] 

 
   

   

   
              

    
 

     

   
( 6-10 ) 

where   is the arbor diameter while the rest of the variable definitions are the same as those 

defined for Equation 6-9. It is also important to calculate the stress on a clock spring when it is 

deflected using the equation 

  
   

    
 

where all variable definitions remain the same as in Equation 6-9. 
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Figure 6-7: Illustration of a clock spring with 4 active coils 

 
Figure 6-8: Torque as a function of angular deflection from Equation 6-9 

To emphasize the compact size of a clock spring, an example design which generates a 

torque of       inch-pounds (17 Newton-meters) at       (maximum hip torque during 

stooping for a male in the ninety-fifth percentile based on Table 4-1) is provided in Table 6-1. 

The upper end of the required torque spectrum for stooping is used for this design example, in 

particular, because smaller people will only require smaller springs. Meanwhile, the Young’s 

modulus ( ) in Table 6-1 assumes SAE J403 high-carbon steel is used to manufacture the clock 

spring based on recommendations by the All-Rite Spring Company. 

 

Table 6-1: Example parameters for a clock spring design calculated with Equation 6-9 

  [inch-pounds]   [º]   [inches]   [inches]   [inches]   [inches]   [ksi] 

150 90 0.125 0.375 0.6 18.5 29,000 

 

Since Equation 6-10 implies the clock spring design in Table 6-1 will have an outer 

diameter of 1.95 inches for 90° of angular deflection, the overall clock spring height and 
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thickness (2-inch diameter, 0.375-inch thickness) is ultimately less than that of the gas spring 

(8.07-inch length, 0.47-inch thickness) used in the design in [26]. Although much smaller gas 

spring lengths in the Kaller R12 series are also available (with lengths decreasing to as little as 

2.2 inches with the same thickness), the important takeaway is that the clock spring size in Table 

6-1 can still achieve a comparable size to a gas spring. 

Similar to how a gas spring torque profile can be altered by changing gas spring models 

or releasing the nitrogen gas, the slope of a clock spring’s torque profile can be modified by 

adjusting the parameters in Table 6-1. In particular, the clock springs in a hip actuator are easily 

interchangeable if the clock spring designs have the same arbor diameter and outer diameter (  

and   , respectively in Equation 6-10) while other factors such as the width or thickness (  or  , 

respectively) are modified. One example of how changing the clock spring width affects the 

clock spring torque profile is shown in Figure 6-9. This could be useful to not only support 

different stooping angles, but also apply the design to different users such as those listed in Table 

4-1. The clock spring can also be replaced with a high-torque model which forces the joint to 

rigidly connect two links together to prevent flexion for extreme circumstances as shown in 

Figure 6-10. 

 
Figure 6-9: Varying the torso support angle by changing the thickness of the clock spring 

 
Figure 6-10: Plot showing that a high-torque clock spring design can prevent hip flexion 

altogether 
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Aside from changing clock spring models, another option to support various stooping 

torque profiles with a clock spring is to incorporate a pre-loading mechanism which adapts the 

clock spring torque to different users’ stooping torque and hip angle needs by horizontally 

shifting the clock spring torque plot (and thus its intersection with the hip torque plot for 

stooping) as shown in Figure 6-11. But the main drawback of pre-loading the clock spring to 

horizontally shift the torque profile is that extra resistance is applied to the user when he or she 

starts to stoop (similar to the gas spring design). When looking at the smaller hip angle values (0º 

to 20°) in Figure 6-11, it becomes evident that the horizontally shifted spring torque is greater 

than the actual hip torque, which means an added torque from the body is needed to overcome 

the pre-loaded spring torque to permit stooping. Still, the initial torque resistance of the clock 

spring is generally smaller and much more controllable than the gas spring, which decreases the 

likelihood that the user will experience discomfort or notice he or she is straining to overcome 

the initial spring resistance. And in the most extreme case (as shown in Figure 6-12), pre-loading 

the clock spring torque can also prevent the user from stooping at all. 

 
Figure 6-11: Varying the torso support angle by pre-loading the clock spring 

 
Figure 6-12: Pre-loading a clock spring to prevent hip flexion altogether 

To incorporate a clock spring pre-loading mechanism into the design in Figure 6-6, this 

dissertation recommends a small, compact worm drive which has already been included in 

medical joint designs like the Empi Advance Dynamic ROM line. Aside from its size, a worm 

drive can also be self-locking to maintain its position for spring tensioning, which ultimately 

allows the user complete, passive control of all torque adjustments. For more information on 

clock spring designs that include pre-loading mechanisms, the reader is referred to [48]-[56]. 

One particularly applicable design for this dissertation is [48] which not only incorporates a 

worm drive to pre-load a clock spring, but also includes adjustable hard stops to limit joint 

motions. When pre-loading the clock spring in a hip actuation design, it is important to lock joint 
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motion after a certain angle to prevent hyperextension and/or discomfort to the user. Because 

pre-loading the clock spring simply entails rotating one of the clock spring anchors (either the 

inner or outer anchor), the initial no-torque setting changes angular positions. This means if there 

is no hard stop incorporated into the pre-load design, the user could constantly feel the clock 

spring pushing his or her hip in extension when simply standing upright. 

6.3: Comparison of Using a Clock Spring versus Gas Spring for Design #2 

 

There are three main differences between using a clock spring versus a gas spring for 

Design #2: cost, torque profile shape, and pre-load ability. Although both spring types could, 

theoretically, have different models interchanged in Design #2 to satisfy various torque 

specifications for different users, clock springs are generally an order of magnitude cheaper than 

gas springs. This is because clock springs are much simpler to manufacture since they only 

require one piece of material to be wound into spiral shape. 

However, a gas spring generates a similarly shaped torque profile to the actual stooping 

torque profile. Not only is the gas spring torque profile able to trace the stooping profile, but it is 

also able to follow the stooping torque trajectory after 90°. Meanwhile, the clock spring’s linear 

torque curve does not mimic the sinusoidal stooping torque profile and cannot reverse to start 

decreasing once a person’s stooping angle exceeds 90° which ultimately implies that the torso 

will not be fully supported by the clock spring when standing upright. But it is also important to 

remember that in order for the gas spring to trace the stooping torque trajectory, gas spring 

engagement (and thus wrap spring clutch locking) must be delayed which leaves the back 

unsupported at the beginning of stooping and thus susceptible to injury. 

Meanwhile, a key design feature available for the clock spring but not the gas spring is 

pre-loading. Assuming the user does not experience discomfort when overcoming the clock 

spring’s pre-load during stooping, the ability to pre-load the clock spring makes the clock spring 

design more versatile by allowing the clock spring to readily support a range of stooping angles 

and user characteristics which is a feature that the gas spring design cannot accommodate. 

Although the clock spring may not be able to follow the stooping profile as closely as a gas 

spring, it is important to remember that a clock spring provides support over the entire range of 

hip angles during stooping and some torso support versus possibly no support will still help 

reduce back strain. 

In conclusion, although neither the gas spring nor the clock spring is an ideal solution, 

both can still provide some level of back support throughout the work day to help decrease back 

strain. 
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Chapter 7 : Details for Design #3 
 

 Adding a locking mechanism to the spring joint in Design #2 ensures that spring energy 

is conserved when a person stoops then walks before standing upright. A design example which 

incorporates a wrap spring clutch locking mechanism for a clock spring is shown in Figure 7-1. 

Other locking mechanisms such as a ratchet and pawl or pin insertion are not implemented 

because of their increased force requirements when unlocking under load which would 

ultimately demand a larger actuator. 

 
Figure 7-1: Modification of Design #2 (Figure 6-6) by adding a wrap spring clutch to lock 

the clock spring 

 The design in Figure 7-1 is quite similar to the design in Figure 6-6. The main difference 

between Design #2 versus Design #3 is the addition of a wrap spring clutch and its associated 

actuator, but both components still have the same specifications as the original clutch from 

Design #1. This second clutch couples “Torso Link 1” directly to “Leg Link 2” while the clock 

spring similarly couples “Torso Link 2” to “Leg Link 2.” Therefore, when the second clutch is 

engaged by “Actuator 2,” the clock spring is free to charge and resist stooping (because the 

clutch still only locks in one direction), but the clock spring is not able release its energy until the 

second clutch is disengaged by “Actuator 2.” Meanwhile, the first clutch still couples “Leg Link 

1” to “Leg Link 2” in flexion when engaged by “Actuator 1,” but permits walking while bending 

by freeing “Leg Link 1” to rotate in either direction when disengaged by “Actuator 1.” Because 

of the addition of “Torsion Spring 2,” which requires diametric interference with the two shafts 

that it must couple and decouple, “Torso Link 1” is no longer able to accommodate the 

trantorque as its radial bearing as was the case for Design #2. Instead, a ball bearing replaces the 

previous thrust bearing (which interfaced “Leg Link 2” and “Torso Link 1” in Figure 6-6) in this 

design to interface “Leg Link 2” with “Torso Link 1” to ensure the components can still 

smoothly rotate relative to one another while the ball bearing takes both axial and radial loads. 

 Since this design builds on Design #2, which is intended for a person stooping then 

immediately standing upright to support the back, it should also be noted that the wrap spring 
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clutch responsible for locking the clock spring in Design #3 can be disengaged for a Design #2 

use case to reduce power consumption, decrease the frequency of exoskeleton battery charging, 

and increase exoskeleton use times. Alternatively, using a very high-torque spring for Design #2 

to prevent hip flexion at any angle would also allow Design #3 to function the same as in Design 

#1. Although these cases could also require re-programming the system for it to behave 

appropriately, only one device would ultimately need to be built to satisfy the goals of Designs 

#1-3. 

While Design #3 might not be the most efficient or compact design compared to Designs 

#1-2, Design #3 satisfies all three designs’ applications which, in turn, reduces the variations 

between final devices that an employer might purchase. Furthermore, manufacturing costs could 

ultimately be lower if only one design is built. 
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Chapter 8 : Details for Design #4 

8.1: DC Motor and Harmonic Gear System Design Example 
 

[59] combines a brushless DC motor with a harmonic gear system to offer a small, 

compact design for a low-speed, high-torque, accurate positioning motor system that satisfies the 

stooping parameters from Figure 4-7. In particular, the design in [59] only measures a total of 4.5 

inches in diameter, 1.8 inches in thickness, and 3.5 pounds and easily satisfies the torque and 

angular velocity specifications required for stooping when 50 volts are applied as shown by 

Figure 8-1. 

 
Figure 8-1: Torque profile for the motor design in [59] compared to the necessary hip 

trajectory for stooping 

More specifically, the brushless DC motor used in the design in [59] is an Emoteq 

HT03000-J01-Z frameless electric motor with the basic motor characteristics listed in Table 8-1. 

Meanwhile, the harmonic gear system used in the design in [59] is Harmonic Drive product 

CSD-25-160-2A-GR-SP which produces a 160:1 gear ratio reduction. Combining the two 

components in [59] derives                   Nm and                   rad/sec 

when 50 volts are applied. To help understand the meaning of these specifications, some basic 

motor properties are established below. 

 

Table 8-1: Emoteq HT03000-J01-Z frameless electric motor specifications used in [59] 

  [ ]    [Nm/A]    [V/rad/sec]    [Nm/    
6 0.2 0.2 0.08 

 

As described in [59], a DC motor’s performance is characterized by connecting the no 

load speed (angular velocity when torque is zero) to the peak torque (torque when angular 

velocity is zero) via the motor winding line, as illustrated by Figure 8-2. 
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Figure 8-2: Basic characteristics of a DC motor as the applied voltage increases in terms of 

torque versus angular velocity 

The no load speed, specifically, is calculated by 

              
 

  
 

where   is the voltage applied to the motor terminals and    is the back electromotive force 

constant. Meanwhile, the peak torque is calculated by 

            
    

 
 

where    is the torque constant,   is again the applied voltage, and   is the phase-to-phase 

terminal motor resistance. And finally the slope of the motor winding line,   
 , is 

  
  

     

 
 

where    is the motor constant,    is again the torque constant,    is again the back 

electromotive force constant, and   is again the motor resistance. It should be noted here that   , 

  ,  , and    are all motor-specific parameters (as defined in Table 8-1), and imply that the 

motor winding line slope will remain the same even as the no load speed and peak torque change 

when the applied voltage is varied (as illustrated in Figure 8-2). 

In summary, the motor winding line shown in Figure 8-2 can also be summarized by the 

equation 

       
    

    

 
 ( 8-1 ) 

where   is the motor torque and   is the angular velocity of the motor’s shaft. Ultimately, 

Equation 8-1 is responsible for generating a motor’s profile to determine if the motor is suitable 

for a specific application. But in the case of the motor profile in Figure 8-1, Equation 8-1 cannot 

be directly applied because the added harmonic gear system must first be taken into account. 

The harmonic gear system, specifically, is a compact design which is used to produce a 

large torque at a slow angular velocity. The design is not only efficient, but also small in volume 

and therefore light in weight. These characteristics result from the harmonic gear system only 

requiring three main parts: a wave generator, a flex spline, and a circular spline as shown in 

Figure 8-3. 
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Figure 8-3: Main components of a harmonic gear system adapted from [60] 

The wave generator consists of an elliptical gear plug inserted into a thin ball bearing. It 

typically serves as the input of the system and is mounted on the motor shaft. The flex spline has 

a tight fit over the wave generator and consists of a cup-shaped structure which has thin, flexible 

walls and a thick, rigid bottom. As the gear plug rotates on the wave generator, the flex spline 

adopts an elliptical shape but the flex spline does not actually rotate with the wave generator. 

Instead, the flex spline contains teeth on its outside surface which mesh with teeth on the inside 

surface of the circular spline. Because the circular spline is a rigid ring that maintains a circular 

shape, the flex spline’s teeth only mesh with the circular spline in two areas on opposite sides of 

the ellipse’s major axis. 

When the wave generator’s gear plug rotates, the teeth meshing between the flex spline 

and circular spline change due to the flex spline’s major axis rotating with the wave generator at 

the same rate. Therefore, if the flex spline contains fewer teeth than the circular spline, a full 

rotation of the wave generator results in a slight, reversed rotation of the flex spline relative to 

the circular spline. This ultimately causes a slow, opposite rotation of the flex spline relative to 

the wave generator as shown in Figure 8-4. The precise gear reduction ratio is calculated by 

 

                       
                                               

                     
 

 

 
Figure 8-4: Illustration of the operation of a harmonic gear system adapted from [60] 
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8.2: Other Motor Options 
 

Other off-the-shelf motors can also provide at least 17 Newton-meters (150 inch-pounds) 

of stall torque with high precision at low speeds to satisfy stooping. But the tradeoff is that these 

motors are much larger in size and weight than the custom design described in [59]. One 

example of a thin, off-the-shelf motor that is appropriate for supporting stooping is the 

Kollmorgen Direct Drive DC Torque Motor model T-8905 which provides a stall torque of 19 

Newton-meters and a no load speed of over 2000 degrees per second. However, while the motor 

only measures 37.3mm (1.47 inches) in thickness as shown in Figure 8-5, it also measures 246 

mm (9.69 inches) in outer diameter and weighs 9.9 pounds which is much larger than the design 

in [59]. Another example of an off-the-shelf motor that is appropriate for supporting stooping 

and has a smaller cross sectional area is Leadshine’s high-voltage stepper motor model ES-

MH342200 which provides a holding torque of 20 Newton-meters and a no load speed of 12000 

degrees per second. Still, as shown in Figure 8-5, the motor measures 110 mm (4.33 inches) in 

height and width, 285 mm (11.22 inches) in length, and weighs 23.1 pounds which is again much 

larger than the custom motor design in [59]. 

 
Figure 8-5: Motor dimensions for the (left) Kollmorgen direct drive motor model T-8905 

adapted from [61], (right) Leadshine stepper motor model ES-MH342200 adapted from [62] 

8.3: Comparison of a Combined versus Standalone Motor 
 

Although various motors can be used for Design #4, none of them are ideal candidates. In 

particular, the harmonic gear system in [59] makes the motor difficult to backdrive (rotate freely 

when not powered or programmed to move) by requiring a high torque. Therefore, a complex 

control system is necessary when using the design from [59] to allow the motor to precisely 

mimic a person’s gait cycle so the user can walk without any restraints. Controls options for this 

can be to either use a predetermined algorithm which automatically predicts gait trajectories 

based on CGA data, or incorporate sensors into the exoskeleton so the system seamlessly reacts 

to the user’s desired movements. However, both of these options could potentially be 

uncomfortable to the user and modify this dissertation’s zero-torque assumption for walking 

which would change the required motor specifications. Since every person’s CGA data varies (as 

shown by the differences between Winter and Kirtley’s data in Figure 2-2), it would be difficult 

for the control system to constantly adapt to variations in user profiles, walking speeds, and 

terrain changes. Meanwhile, if there is any delay in the system when using sensors to react to a 
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person’s movement, resistance would be felt by the user which is also not ideal and could result 

in discomfort. 

Still, other off-the-shelf motors which are easily backdrivable are also available to 

simplify the control system required by the custom motor design in [59]. But these alternative 

motors are so large in size that they would require a clever design to mount them elsewhere 

besides the hip joint, which is the intended point of coaxial rotation for the hip actuator. Instead, 

a mechanism must be designed for these motors to allow the motor torque to no longer coaxially 

rotate around the hip joint but still provide torso support. This means the motor output would a 

contain different rotational axis from the whole actuation unit output such as behind the user’s 

body versus in-line with the hip joint, respectively. Two examples of possible mechanisms that 

can eccentrically place an axis are pulleys and belt drives. Rerouting the axis is necessary 

because motors can expand the width of users when they wear the exoskeleton and prevent them 

from fitting through tight spaces. The motor also cannot protrude from the person to prevent arm 

motions while working. Given these design complications for an easily backdrivable motor, 

developing a sophisticated control system to accompany the custom design in [59] would be a 

more aesthetically elegant solution. 

Lastly, using any high-torque motor adds substantial weight to the exoskeleton hardware 

due to the motor itself, associated battery, and circuit board. This ultimately forces the entire 

exoskeleton design to be extended to the ground to include at least knee joints and shoe inserts 

for comfort because the user should not carry the additional load from the exoskeleton’s 

electronic system on his or her body throughout the work day. 
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Chapter 9 : Details for Design #5 

9.1: High-Torque Motor with Wrap Spring Clutch Design 
  

To simplify the control system requirements when walking for the custom motor design 

option from Design #4, a wrap spring clutch can be added in series with the motor. A basic 

layout for adding an external wrap spring clutch to a custom motor design is shown in Figure 9-1 

to illustrate the simple concept of adding the wrap spring clutch onto the motor so the total 

thickness of Design #4 only increases by the length of the clutch design. No bearings were 

included in Figure 9-1 because the illustration is simply a conceptual portrayal of the design 

discussed. The motor’s input and output links from the custom design in [59] were roughly 

sketched in Figure 9-1 and labeled as the existing leg and torso links (as they would be used for 

Design #4). Essentially, the design implies that a cover plate adapts to the motor’s existing leg 

link, then the wrap spring clutch clamps onto the cover plate. This allows for freewheeling of the 

new leg link when the wrap spring clutch is disengaged. Ultimately, this setup which comprises 

Design #5 simplifies the motor control system required by Design #4 and makes the hip actuator 

more versatile for a larger audience by requiring less user-specific calibration for walking. 

 
Figure 9-1: Layout for Design #5 which adds a clutch to Design #4 

An alternative orientation to help decrease the total thickness of Design #5 would be to 

incorporate the wrap spring clutch around the edge of the motor using a custom torsion spring 

with a rather large diameter to fit around the custom motor design. Although this option would 

minimally increases the thickness of the original motor design, it instead increases the overall 

diameter of the original motor. 
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9.2: Other Motor Clutches 

 

 There are also other clutch designs which allow the leg to switch between freewheeling 

and being coupled to the motor. These options include a friction cone, a synchro-gear assembly, 

a one-way bearing, and a wrap spring clutch. 

 As the name implies, a friction cone involves pushing two conical surfaces together to 

transfer torque through friction. While this is a simple mechanism, a large axial force is required 

to achieve large torque transfers. 

Another option is a synchro-gear system which uses a unique mechanism to guide teeth 

alignment on gears spinning at different speeds. Unfortunately, though, a large force is needed to 

uncouple the gear teeth, similar to how a large force is required to disengage a pawl from a 

ratchet under load. 

One-way bearings have also been used to promote freewheeling such as in [68] and [69] 

where freewheeling is achieved by increasing the angular velocity of the output when it is 

engaged to the input. For the hip actuation design, though, readily changing angular velocities 

can be challenging. Furthermore, because adding any clutch will enlarge the motor design, it is 

important to keep the clutch as small as possible to best optimize the final design size. 
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Chapter 10 : Sensors for Signaling State Changes 

10.1: Overview of Necessary Sensors 
 

As the finite state machines in Chapter 2 imply (such as Figure 2-13), the most important 

signals that must be detected to permit walking are hip angular velocity and hip angular 

acceleration. An example of a potential sensor that can be used is an angular encoder, which 

measures hip angle at certain instants in time, and thus permits angular velocity and angular 

acceleration to be calculated. 

But as the finite state machines in Chapter 3 imply (such as Figure 3-9), for a fully hands-

free setup which does not require manual engagement of the hip actuators, changes in the torso’s 

angular velocity must also be measured. One sensor option for this is an inertial measurement 

unit (IMU) which is equipped with a gyroscope that measures changes in angular velocity over 

time. 

Lastly, the finite state machines in Chapter 2 (such as Figure 2-16) also offer an 

alternative unlocking signal option to hip angular velocity and hip angular acceleration, instead 

relying on detecting that the foot of the opposite leg has contacted the ground. This instant is also 

known as heel strike and ensures the back will always be supported because a hip actuator on a 

stance leg will always be locked. Likewise, heel strike must be precisely detected to avoid not 

only a delayed unlocking signal which would prevent hip flexion and apply resistance to the 

user’s hip by the hip actuator, but also an early unlocking signal which would cause the person’s 

torso to go unsupported until heel strike. 

Because of the importance of detecting heel strike at the correct instant in time, various 

wireless, electronic sensing methods are outlined below. Using wireless sensors is important 

because the sensors are then modular and do not force the whole exoskeleton design to extend to 

the part of the leg where the sensor needs to attach. The important attributes associated with 

electronic sensing choices which are discussed in more detail below are first summarized in 

Table 10-1 for clarity. 

Table 10-1: Summary of electronic sensing options 
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10.2 Heel Strike Detection at the Foot 

 

 The most common, baseline measurement system for detecting heel strike is ground 

reaction force sensing at the heel using a switch or force sensitive resistor (FSR) placed in or on 

the bottom of the shoe. An FSR directly measures changes in applied force by detecting a change 

in voltage [27]. While FSR use in or on the bottom of the shoe is typically treated as the heel 

strike “norm” to which researchers test and compare new sensing techniques as shown in the 

data illustrated in Figure 10-1, FSR setup in the shoe varies by the individual. This is because 

FSRs must be placed below the foot’s initial point of contact with the ground for proper heel 

strike detection [27], but every person’s foot anatomy and precise contact location with the 

ground is different which means FSR setups must be modified for each user. Some studies like 

[28] have taped the FSR to the user’s heel to ensure its correct placement, but this is not a 

feasible long term solution in the case of an exoskeleton design. 

 
Figure 10-1: Plot adapted from [28] uses FSR data for baseline measurements of heel strike 

and toe off then matches gyroscope data with FSR data to determine if heel strike and toe 

off can be detected on the shank 

 Although FSRs have various appealing aspects such as a straightforward setup which 

does not require data manipulation to extract heel strike points, FSRs also have some downsides 

like oversensitivity to shoe lace tightening which can wash out the changes in force detection 

levels. Furthermore, placing the FSRs outside the shoe exposes them to a wide range of natural 

elements like water, gravel, and temperature fluctuations. Because the actual location on a 

person’s foot which makes contact with the ground varies during activities like ladder and hill 

climbing, FSRs which must ultimately unlock the hip for flexion in different environments might 

not be a universal solution. 

 Still, though, FSRs are an important consideration for heel strike detection because of 

their known wireless capabilities. The consumer market for wearable sensors is quickly 

emerging and slim, wireless shoe sensors are now available. Examples include Tekscan’s F-Scan 

System which is mainly for research purposes and the Nike Hyperdunk insole (shown in Figure 

10-2) or Nike+ Stand Alone Sensors (shown in Figure 10-3) which are designed for everyday 

exercising use with simple shoe inserts. In particular, the Nike products contain pressure sensors 
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below the anterior and posterior parts of the foot which can be wirelessly paired with a smart 

phone to output ground reaction force data like that shown in Figure 10-4. While consumer 

products have yet to be proven effective at detecting heel strike, specifically, they seem to be 

viable options which should be further explored since general heel strike detection using pressure 

sensors below the foot has been shown to be reliable. Furthermore, implementing a wireless 

sensing system with a universally adaptable orthotic insert makes this solution’s modularity 

feasible to implement under the foot because it eliminates the need for the exoskeleton hardware 

to extend to the ground. 

 
Figure 10-2: Components of the Nike Hyperdunk insole adapted from [29] 

 
Figure 10-3: At-home hack for using the Nike+ standalone sensor to extract accelerometer 

data without putting the sensor under the foot [31] 

 
Figure 10-4: Sample data transmitted to a user’s phone [30] 
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 Another option for detecting heel strike at the foot is to attach a gyroscope to the shoe. 

Studies have shown that peaks in angular velocity at the foot correlate with heel strike when a 

sensor is securely fastened to either the top [27] or back [32] of the shoe as shown in Figure 10-5 

and Figure 10-6, respectively. Attaching the gyroscope to the back of the shoe has also been 

shown to detect heel strike for stair climbing and people whose anterior portion (ball) of the foot 

contacts the ground before the posterior part (heel) of the foot [27]. Although there are no 

commercial products with a gyroscope on the outside of the shoe, similar to the FSR method, 

wireless communication can be implemented to prevent extending the exoskeleton design to the 

ground. Meanwhile, the main potential drawback of using a gyroscope on the foot is identifying 

critical points, which may require data collection beyond the peak and can result in delays that 

interrupt a person’s stride. 

 
Figure 10-5: Adapted gyroscope data from [32] when gyroscope was mounted on the top of 

the foot 

 
Figure 10-6: Adapted gyroscope data from [27] when gyroscope was mounted on the back 

of the foot 

 The final sensing option at the foot is to follow studies like [32] and [33] which have 

shown that heel strike at the foot can also be sensed with an accelerometer. Although [32] does 
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not explicitly analyze accelerometer data for detecting heel strike, it appears their data (shown in 

Figure 10-8) supports the ability to detect heel strike through shoe acceleration. Meanwhile, [33] 

attaches an accelerometer directly to the back of the foot and output data like that shown in 

Figure 10-7 clearly identifies characteristic heel strike peaks not only for the leg to which the 

accelerometer is attached, but also for the opposite leg. This is a unique feature of this method 

and implies that only one of the user’s shoes needs to be modified to collect data on both legs’ 

gait cycles. Unfortunately, though, [33] tapes the accelerometer directly to the foot which is not 

feasible for an exoskeleton application. Therefore, a secure shoe which precisely follows and 

mimics the back of the foot motions during walking is necessary to replicate this data. It is also 

important to verify that this method is applicable when wearing a shoe because the original study 

used barefoot walking. 

 
Figure 10-7: Adapted accelerometer data from [33] showing heel strike when the 

accelerometer is mounted on the back of the foot 
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Figure 10-8: Adapted plots from [32] matching heel strike points from gyroscope data with 

accelerometer data 
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 Similar to using a gyroscope on the foot, the accelerometer would also need to be setup 

for wireless communication to avoid extending the exoskeleton to the ground. The Nike+ sensor, 

which contains a 3D accelerometer, battery, and transmitter, proves this to be feasible [36]. 

Because the Nike+ sensor has also been designed for comfort during exercise and comes ready to 

use out of the box with a simple installation such as that shown in Figure 10-3, it is an important 

sensor to consider despite its intended placement below the foot (Figure 10-2) instead of on the 

back of the foot [34],[35]. 

Another similarity between the gyroscope and accelerometer sensing options is the heel 

strike peaks, which again require analyzing data after the instant of interest to identify the critical 

point. This can delay heel strike detection, resulting in the hip joint not unlocking 

instantaneously which might impede walking. 

10.3 Heel Strike Detection at the Shank 

 

 Studies have also successfully sensed heel strike at the shank using a gyroscope. In 

particular, heel strike has been noted by two consecutive minima after a large maximum in the 

angular velocity of the shank as shown in Figure 10-9. In [28], heel strike is documented using 

two FSRs attached directly to the subject’s heel. Interestingly, a study which incorporates stair 

ascent and descent [37] even notes these heel strike peaks to be present for stair climbing. But 

this simple heel strike measurement solution is not flawless. Again, when searching for two 

consecutive minima, the data following the minima must be recorded to confirm the proper 

conditions were reached. The hardware must also attach to the shank by either extending the 

complete exoskeleton design or attaching a modular, wireless sensor to the shank. In either case, 

the user’s shank motions must be precisely followed and the attachment must be comfortable.  

 
Figure 10-9: Shank gyroscope data adapted from [28] with heel strike data identified by 

ground reaction forces detected using an FSR taped to the user’s heel 

10.4 Heel Strike Detection at the Knee 
 

 [38] approximates that the knee comes closest to full extension in the gait cycle 2.7% of 

the stride before heel strike occurs as illustrated in Figure 10-10. This zero angular velocity knee 

value not only correlates with hip joint behavior, but also can be used to predict heel strike. Since 
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Figure 10-10 shows that there are two maxima for every full stride, it is important to note that the 

heel strike maximum occurs following the swing minimum. 

 
Figure 10-10: (left) Kinematics of the knee joint adapted from [38] and (right) associated 

knee flexion/extension terminology 

Because the knee transitions from extension to flexion slightly before heel strike, 

measuring knee angles does not quantify the exact moment of heel strike which has both 

advantages and disadvantages. To start, predicting heel strike eliminates time delays due to data 

processing compared to identifying a precise heel strike peak. But this also introduces the 

possibility of unlocking too early, in which case the torso would go unsupported if the swing leg 

is still in the air when the stance leg’s hip unlocks. On the contrary, if a fixed time delay is 

incorporated into the system, the hip might unlock too late, again restricting a normal stride. 

Another consideration for knee angle sensing is that the exoskeleton design would most likely 

require adding a knee joint which contains an encoder that precisely mimics the user’s knee joint 

dynamics so the data in Figure 10-10 is properly replicated and this sensing method for 

triggering hip unlocking can succeed. 

10.5 Heel Strike Detection at the Thigh 

 

 Various studies have demonstrated that heel strike can be predicted by changes in thigh 

acceleration. Depending on the orientation of the accelerometer(s) on the thigh, either a local 

minimum or maximum is present slightly before or at heel strike. In particular, if thigh elevation 

is treated as a positive signal as in [39], a maximum acceleration at the thigh can be detected 2-4% 

before heel strike as shown in Figure 10-11. Similarly, if thigh elevation is treated as a negative 

signal as in [40] and [41], a minimum acceleration at the thigh can be detected around heel strike 

as shown by Figure 10-12. Interestingly, [40] also states that detecting ground reaction forces 

with an FSR was actually less accurate than predicting heel strike with thigh acceleration during 

pathological gait. This is an important consideration when designing for a large user base 

because everyone’s gait differs and the final system must accommodate these variations. 
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Figure 10-11: Thigh accelerometer data adapted from [39] for one gait cycle 

 
Figure 10-12: Gait data adapted from [40] for using an accelerometer on the thigh to detect 

heel strike 

 As [40] also highlights, the discrepancy in recording a minimum acceleration at the 

precise point of heel strike versus slightly before or after may be attributed to signal filtering. [40] 

supports this by comparing a raw accelerometer signal, which has a minimum that corresponds 

precisely with heel strike, to its filtered signal, which shifts the data slightly and results in a delay 

causing the minimum to appear slightly after heel strike. This discrepancy is shown in the thin, 

dotted line versus dark, bold line, respectively, in Figure 10-12. Because [41] also filters data and 

detects a minimum before heel strike, the filter could again be responsible for the offset between 

the critical point and the precise moment of heel strike. Nonetheless, these scenarios’ varied 

results imply there is some leeway based on system setup to offer various options for detecting 

heel strike at the thigh. 
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A final design note is that adding an accelerometer to the thigh does not add components 

to the exoskeleton design because a thigh attachment is essential to the fundamental system 

architecture.  But similar to knee sensing, predicting heel strike before it occurs could unlock the 

hip actuator too early and leave the person’s back unsupported. Meanwhile, detecting critical 

points associated with the exact instant of heel strike, again, could result in unlocking delays and 

user discomfort. 
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Chapter 11 : Suggested Design Validation and Comparison Tests 

11.1: Design Verification 
 

 It is most important to verify that the sensors are able to accurately unlock the leg’s wrap 

spring clutch and allow unrestricted walking. Because various sensing mechanisms are proposed 

in Chapter 10, different tests may need to be conducted to determine the most effective sensing 

option. For example, if the correlation between knee angles and hip angles is used to unlock the 

clutch instead of direct heel strike detection, measuring correlations between ground reaction 

forces and knee sensing may not yield appropriate results. 

But fortunately, various options are available for testing correlations between sensing 

methods. One way to measure heel strike sensor functionality is to have a person walk on a force 

plate such as the one discussed in [63] and match the data from the force plate to the data from 

the sensor by aligning the time intervals of the experiment to see of the two data sets align. If a 

force plate is not accessible, FSRs can be mounted on the bottom of a person’s heel to measure 

ground reaction forces on the foot such as in [27]. 

Because some proposed sensing options are not associated with heel strike, other 

comparison tests, like video recording, might be necessary to extrapolate data like hip angle 

trajectories to determine whether the sensors are detecting the correct points in the gait cycle. 

More specifically, video recording requires placing markers on a person’s joints and limbs then 

recording videos and processing the data accordingly. Alternatively, an IMU may be mounted on 

the thigh or the hip joint encoder may be used to measure hip angles while walking. This data, 

which should show transitions from extension to flexion, can then be matched on the same time 

scale with the sensor data intended to trigger the wrap spring clutch to unlock to see if both data 

sets align. Video recordings which compare a user walking both with and without the device 

might also help determine if the sensors have a delay in the system by comparing the sensor data 

to the video data. 

If extra joints (such as knees or ankles) are incorporated into the hardware design to aid 

sensing or reduce the load on the user, these additional components must also be checked for 

functionality and comfort in the initial testing phase. One way to determine if the extra joints are 

following the person’s natural gait is to mark points on both the device and person which should, 

in theory, align; then record a video of the person walking with the device, and analyze the 

recording to see if the joints or limbs/links are in parallel with one another. Another simpler but 

less accurate way to do this is to have the user fill out a survey asking about comfort after 

collecting sensor reliability data. To help the user feel like this is less of a targeted test to identify 

problems they should have felt with their legs, other general questions should also be included in 

the survey like arm mobility. 

After the sensors and joints are tested individually, all of the pieces must be combined to 

ensure the users can still walk comfortably upright while wearing the device. If a user cannot 

walk upright without restraint or discomfort due to problems with either the hardware or 

software design, he or she will not be inclined to use the device at all, no matter its ability to 

reduce back strain. Failure to walk comfortably would also indicate an immediate need to 

redesign the problematic areas before other tests are conducted because comfortable walking 

must be permitted to prove the design’s efficacy. Video recordings may still be necessary to let 

researchers replay and study the data to identify potential problem sources with either sensors or 

hardware designs which were not immediately evident during the test. Slowing down the video 
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on replay may reveal that certain joints do not appropriately follow a person’s leg motions or the 

device might be weighing down certain parts of the body and causing the user to overcompensate 

with other motions. 

11.2: EMG Testing 

 

 A muscle contracts when action potentials travel down nerve cells and trigger action 

potentials in muscle cells. Action potentials in muscle cells cause changes in ion levels that 

ultimately cause muscles to contract and relax. It is these action potentials and changes in ion 

levels which create detectable signals that an electromyography (EMG) machine can measure to 

gauge changes in muscle activity. Therefore, to gauge whether a design actually reduces back 

strain, muscle activity in superficial trunk extensor muscles can be measured using a surface 

EMG machine. The basic setup of a surface EMG experiment, which is discussed in [18], 

requires preparing the region where the electrodes will be placed then securing the electrodes 

(which are connected to an EMG machine that collects/records data) to the skin of a test subject 

on the surface below which lie the muscles of interest. Maximum voluntary contraction (MVC) 

data is then collected before experiments are carried out to measure device efficacy. Finally, the 

data is filtered then analyzed. In particular, it is recommended by EMG instructional guides such 

as [64] to measure the erector spinae muscles in the lumbar and thoracic regions of the back for 

this experiment based on this dissertation’s goal of designing a hip actuator to reduce lower back 

strain. 

 Previous experiments support this approach, with the erector spinae being the most 

commonly measured back muscles during EMG experiments aimed at better understanding the 

high lower back injury rates associated with repetitive bending and lifting as discussed in [6] and 

[65]. But researchers have also not been very successful at dynamic tests with EMG signals for 

the erector spinae which they surmise is due to various factors such as movement of electrodes 

during dynamic activities or declines in performance based on psychological factors [65]. 

Therefore, the potential for collecting unreliable results from dynamic tests should be kept in 

mind when designing experiments and analyzing data. 

 Because there has been limited documentation and success with dynamic EMG 

experiments for the trunk extensors, it is recommend to start with a very basic experiment which 

involves subjects bending over to a set torso angle, holding this position so static EMG data can 

also be recorded and analyzed, then standing upright. Conducting this test with users first 

wearing the device then not wearing it at various stooping angles will allow researchers to 

discern whether the device is actually decreasing back muscle strain for different load levels. 

Similarly, this simple experiment can be repeated by having the subject bend over, walk 

while bent over, then stand upright. Because the back muscles should not be strained when 

walking while bent, the results of this experiment should be similar to the previous static 

stooping experiment and the results would show whether locking the hip joint at the end of travel 

for either bending over and holding the position or walking while bent over actually reduces 

muscle activity because in both scenarios, the back should be fixed at the same given angle. One 

foreseeable reason for which the results between these two sets of trials may differ is that moving 

the legs while bent over could activate the erector spinae muscles as the torso weight transfers 

between legs over the course of the gait cycle. 

 Lastly, to try to determine the dynamic effects of the device in reducing back muscle 

strain, a person could repeatedly stoop to a certain angle then stand upright for either a fixed time 
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interval or a specified number of repetitions while EMG signals are recorded. However, as 

previously mentioned, the results from past studies like [6] and [65] imply that this dynamic 

EMG experiment may not yield very effective data and thus may not be very useful for device 

evaluation. 

Surveys should also be filled out by users after EMG testing is finished to collect 

qualitative feedback on discomforts and any differences people might have noticed between 

using the device versus not using the device while performing the various experiments. This will 

provide valuable feedback on device functionality and help identify areas for improvement. 

11.3: Oxygen Consumption 

 

 Oxygen consumption is a metric for determining the amount of effort or energy a person 

exerts when performing an activity like running. Oxygen Consumption tests (VO2) measure 

aerobic capacities and serve as a metric for endurance over a specified period of physical 

exertion. In general, oxygen consumption measurements are similar to heart rate measurements 

and have been shown to be proportional [66]. But when possible, oxygen consumption tests are 

generally preferred to heart rate tests because oxygen consumption tests are applicable over all 

levels of conditioning of people, from elite athletes to people who do not exercise [67]. 

Therefore, oxygen consumption can be measured to gauge whether the device actually reduces 

the energy exerted by any person, no matter his or her level of conditioning, when bending over 

and walking. 

 The most basic setup for conducting oxygen consumption tests is to use a metabolic cart 

which collects respiratory data such as oxygen intake. Samples are typically collected by having 

the test subject wear a mask hooked up to a machine which is able to process the gases being 

inhaled and exhaled before outputting summaries of the data. Because this setup requires 

wearing something over the mouth and nose, test subjects should be monitored for any 

discomfort throughout testing and should also be screened to ensure they are not claustrophobic 

to the best of their knowledge. 

Oxygen consumption is an important test, especially if dynamic EMG tests are 

inconclusive, to quantify whether the device is effective because a large part of this dissertation’s 

objective is the dynamic aspect of walking while stooping. Although oxygen consumption may 

not directly correlate with muscle activity, it provides a quantifiable measure of device 

effectiveness for helping workers in dynamic situations when comparing results between using 

the device and not using the device. 

 An example of an experimental setup for oxygen consumption is to design separate 

experiments with various static and dynamic tasks which can either be time- or repetition-driven. 

Examples of experimental tasks include repeatedly stooping to a certain angle then holding the 

position, stooping then standing upright, and stooping then walking a fixed distance before 

standing up. 

 Surveys should also be given to users at the end of their testing sessions to collect 

qualitative, more psychologically-focused evaluations of any differences between using the 

device versus not using it. Potential questions on the survey include the following: 

 Did you feel it was easier to complete the tasks while using the device versus not using 

it? 

 Did you get less tired with one setup (either using the device or not using it)? 
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 Did you feel like you were working faster with one setup (either using the device or not 

using it)? 

 Did you feel like your back was less strained with one setup (either using the device or 

not using it)? 

 Did you feel you could last longer with one setup (either using the device or not using it)? 

11.4: Time Trials 

 

 Once the device is validated, it needs to be tested to show whether it is slowing down, 

speeding up, or maintaining work progress. Even if the device slows down work, it does not 

necessarily mean that the device cannot be used. Instead, it might initiate a detailed cost-benefit 

analysis to determine whether the extra time it takes for workers to complete their tasks is worth 

keeping them injury-free and not requiring the employer to pay the costs associated with work-

related injuries. 

 To test differences in worker efficiency between using the device versus not using the 

device, various tasks should be repeated for the experiment. The tasks can be similar or the same 

as the experiments outlined in Section 11.2 and Section 11.3. What is most important is to make 

sure the tasks are closely controlled, such as being separated and not grouped together, to help 

researchers determine which tasks’ times are most influenced by wearing the device versus not 

wearing the device in case redesigns are needed. 

 Each experiment must also last for an extended period of time because device use might 

help workers to maintain a slower, constant pace for longer durations versus starting quickly but 

tiring out when not using the device. 

 Surveys should also be handed out once all tests are complete to collect users’ qualitative 

feedback and psychological evaluations of any differences between using the device versus not 

using it. Sample questions to include on the survey regarding each task are: 

 Was the task easier with the device or without the device? 

 Did you get less tired with the device or without the device? 

 Do you think you performed faster with the device or without the device? 

 Did you notice any differences in back strain with the device versus without the device? 

 Did you feel like you could last longer with the device versus without the device? 

11.5: Usability Tests 
 

 The general purpose of conducting usability studies is to investigate whether people can 

complete necessary tasks, use a product efficiently, and avoid frustration. Some might even 

argue that the design verification studies and time trial tests outlined in Section 11.1 and Section 

11.4, respectively, could be considered usability tests. But this dissertation separates device 

performance from device setup because of the large usability scale associated with an 

exoskeleton. Setup time is more subjective than task completion rates and is ultimately left to a 

researcher’s discretion to decide whether tasks like donning and doffing take too long. For 

example, taking two hours to don an exoskeleton might be not be plausible because that is 25% 

of a worker’s eight-hour work day, but perhaps 10 minutes for donning an exoskeleton to prevent 

injuries which can cost employers thousands of dollars is more reasonable.  

At the end of the day, though, if the device is not user-friendly, people will not be as 

inclined to use it. Therefore, usability studies are also necessary to help identify any components 
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that must be redesigned to improve a user’s overall experience before a final product is 

manufactured and mass-produced. This way, extra expenses associated with fixing issues after 

large-scale manufacturing has begun can be avoided. 

Preliminary usability tests that investigate basic device functions can be conducted in a 

laboratory setting. Basic device functions include donning and doffing, walking, bending, sitting 

in a chair, picking up a weight, fitting through a door (spatial awareness), identifying a low 

battery, and charging the battery. Depending on the final device design and its anticipated 

applications, additional tests might need to be incorporated if users are expected to perform other 

maintenance tasks like adjusting the device to fit their bodies or work applications, replacing 

components based on wear or user statistics, and calibrating settings to optimize device 

performance. One advantage of using a laboratory setting for usability tests is its ease and 

uniformity of experimental setup and data recording, which allows researchers to control more 

variables when investigating user performance and success in task completion. Audio and visual 

backgrounds are easily controlled in a laboratory setting, which makes usability result 

comparisons between subjects easier. Recordings also permit researchers to revisit and analyze 

studies at a later time in thorough detail. By being able to replay footage at different speeds, 

researchers are able to better understand more nuanced usability problems which may not be 

initially noticed during testing. 

 Participants in usability tests should include representative users from the device’s target 

audience, which, for this design application, is mainly manual laborers like janitors, construction 

workers, and movers. Test results for anticipated user demographics are necessary because 

different people might be sensitive or knowledgeable to different things based on their 

backgrounds. Although tests with targeted users can be conducted either in the field or in a 

simulated laboratory setting, it would be more beneficial to conduct field studies with targeted 

users. This is because providing a more natural, organic environment will help not only evaluate 

whether potential users can complete their daily tasks, but also identify any limitations which 

(inadvertently) might not be simulated in a laboratory by researchers who are unaware of details 

like accessibility to tools, variations in terrain, safety harness requirements, and unforeseen 

maneuvers/motions. In a field setting, researchers are still encouraged to record audio and visual 

data for the reasons previously described for laboratory tests. But if this is not feasible, 

researchers must take extra care in recording meticulous notes during and after testing because 

no footage will exist to be revisited. 

Once usability testing is complete, regardless of whether it is a laboratory or field study, 

participants should fill out surveys to help researchers understand general user satisfaction and 

identify areas of the design that need improvement. Surveys are an especially important tool 

when conducting usability tests because they not only help participants reflect on their 

experiences as a whole, but also provide researchers with subjects’ internal thoughts and feelings 

which cannot be captured through observations and video recordings. 

When evaluating the usability test results, it is important to remember that the actual 

hardware or exoskeleton design may not always be the root of a problem. Instead, user 

interactions with the device may warrant the need to develop other tools such an appropriate 

training system rather than simply modifying the design further. One example of this is the 

medical exoskeleton for paraplegic users discussed in [59]. Although the medical exoskeleton 

adequately helps paraplegics walk, [71] proposes an interactive training system to enhance first-

time user learning experiences and increase the likelihood that test subjects will return for future 

trials. Ultimately, the training setup in [71] incorporates visual, audio, and tactile feedback to 
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improve users’ initial exoskeleton experiences, comfort their fears of the robotic system, and 

increase the likelihood that users will want to use the device in the long term. Since donning 

exoskeleton hardware can also seem daunting or intimidating to healthy, able-bodied users, a 

visual feedback system similar to that proposed in [71] may be particularly beneficial to help 

workers better understand how the device’s hardware works and thus assuage fears of not 

initially knowing what the device will do when in use. 

In addition to learning about the different components of an exoskeleton design and 

properly donning, doffing, and using the device; maintenance and calibration may seem 

overwhelming to a first-time user who must learn to identify and charge a low battery, customize 

the device size to himself or herself, and replace worn-out components. Therefore, instructional 

videos which allow first-time users to follow along with audio and/or visual cues like beeping 

noises or blinking lights may help assuage users’ initial anxieties and feelings of being 

overwhelmed by the exoskeleton technology’s extensive use and maintenance protocols. 

In the end, for a device to be successful it must not only be functional, but also user-

friendly. If a user cannot operate a device properly, he or she cannot experience its benefits no 

matter how well it works. Therefore, it is important to not only make all of the necessary 

hardware modifications based on the results of the usability tests, but also consider investing 

time and resources into appropriate training tools.  
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Chapter 12 : Conclusion 

12.1: Summary of Contributions 
  

This dissertation outlines five hip actuation designs which semi-passively (Designs #1-3) 

or actively (Designs #4-5) support the back during stooping and walking. Collectively, these five 

designs aim to reduce back injuries in a wide range of work environments, with each design 

having different applications, pros, and cons. While the clutch-only design (Design #1) is mainly 

applicable for people who continuously work statically bent over or constantly walk bent over, 

the clutch-and-spring design (Design #2) is more applicable for people who stoop then stand 

upright. Still, the dual-clutch-with-spring design (Design #3) and motor designs (Designs #4 and 

Design #5) are applicable for people who have variable or unpredictable work environments 

which might have different size, time, mobility, or power constraints. But due to the increased 

sizes associated with the additional features incorporated in the latter three designs, it is 

important to weigh the intended use of each system with its cost and universality. Maintenance 

must also be considered when selecting various designs in terms of not only component life, but 

also battery life. 

 No matter which design is implemented, a common requirement between all five designs 

is the need to support the back during both walking and stooping. Therefore, this dissertation 

develops a sinusoidal model for the hip during walking to highlight important transitions in the 

gait cycle which ultimately influence the hip actuation and sensor designs. In particular, the 

sinusoidal hip model has a 99% correlation with two different sets of CGA data and establishes 

that heel strike must accurately be detected to ensure the torso is never left unsupported. 

As outlined in Chapter 10, accurate heel strike detection is feasible not only because 

extensive research on the gait cycle in previous works has detailed numerous options for sensing 

heel strike, but also because novel technologies are continuously presenting new opportunities 

for wireless detection. But with the numerous options available for heel strike sensing, it is also 

important to select an appropriate sensing method in terms of both accuracy and location on the 

leg. Therefore, validations tests are also proposed in Chapter 11 to help facilitate the sensor 

selection process. 

 Finally, it is understood that once prototypes of the five designs are built using the 

guidelines outlined in Chapter 4 through Chapter 10, each design’s efficacy will need to be 

validated using the tests proposed in Chapter 11. These tests are important to not only study 

design efficacy in terms of reducing back muscle strain and energy consumption, but also 

identify pros and cons associated with device usability which could ultimately influence whether 

or not a user would want to use a product long-term. 

12.2: Future Work 
  

The immediate next step for this research is to prepare prototypes of each design for 

testing. When preparing the prototypes, it should be noted that only four out of five of the 

designs must be built when comparing design efficacies against each other. This is because the 

single-clutch-and-spring design (Design #2) can be mimicked using the dual-clutch-and-spring 

design (Design #3) by permanently unlocking the spring clutch in Design #3 (responsible for 

locking the spring to conserve energy). When the spring clutch is unlocked, the spring joint can 

rotate in both directions and Design #3, therefore, functions the same as Design #2. It should also 
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be noted that because a wrap spring clutch can only prevent motion in one direction when locked, 

the clutch cannot couple two links in both directions at the associated joint to form one rigid 

member. This means that locking the clutch in Design #5 would not accurately mimic Design 

#4’s full functionality. 

When building prototypes, it is also important to remember that the motion models and 

quantitative approximations for walking in Chapter 2 and stooping in Chapter 4 may need to be 

modified. One example is the angular velocity plot estimation for stooping (Figure 4-5) from 

which the motor requirements in Chapter 8 were ultimately established. If further tests are 

conducted to measure the actual angular velocity at the hip during stooping, the plot (and 

ultimately motor requirements) would then need to be modified accordingly. It is only after the 

walking and stooping models are adequately set should the prototypes be tested using the 

guidelines in Chapter 11 to determine their efficacy and practicality. 

The concepts presented in this dissertation are also relevant for new design applications 

in the future. One related application is to use the hip actuation designs to support the back when 

people walk while carrying loads or stoop to pick up heavy loads. Walking with a load is 

fundamentally comparable to walking while stooped because both stooping and holding a load 

generate a torque at the hip due to the body supporting a weight which is not horizontally aligned 

with the rest of the body in the sagittal plane. This, in turn, causes back muscle strain when the 

person tries to maintain a given position. Therefore, to support the back when picking up or 

carrying a load, the hip actuation design specifications would need to be modified to support the 

weight of the load that the person must hold. This simply involves recalculating the torque at the 

hip based on the weight of the object being held some distance from the body, then modifying 

the hip actuation components accordingly. 

The system’s control strategy might also need to be modified to support the back when a 

person holds a load. Since a person may no longer have his or her arms free for manual 

engagement, or bend his or her torso to signal the need for the hip actuator to provide an 

opposing torque, a new sensing method which does not depend on manual engagement or 

changes in the torso angle would need to trigger the hip actuator to lock and unlock. Once this 

control strategy is added to the design, an oxygen consumption test can be used to validate the 

design’s ability to reduce a user’s effort or energy when moving loads while an EMG test can be 

used to determine whether the device is reducing back strain and thus has the potential to reduce 

back injury rates. 

When analyzing Designs #4-5, in particular, it also becomes evident that there are other 

industrial and medical applications for these designs due to the augmentation and adaptability 

potentials associated with high-torque motor controls. One possible medical application for 

Designs #4-5 is lower back rehabilitation. Although Designs #1-3 could also be used for 

rehabilitation purposes, the high-torque motors in Designs #4-5 can be easily programmed to aid, 

augment, or adapt to different torso motions and thus help people with lower back injuries 

perform their daily routines. 

Another potential use of Designs #4-5, due to their incorporation of high-torque motors, 

is to help, support, or augment walking to reduce a user’s total energy consumption while 

working. This application is supported by the original design application of the combined 

brushless DC motor with a harmonic gear system from [59], which was aimed at allowing 

paraplegic people to walk. More specifically, the motors in [59] should be inherently applicable 

to augmenting hip motions during walking among able bodied people because they would 

theoretically require less hip propulsion by the motors than a paraplegic person whose legs are 
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essentially treated as deadweights. But the key assumption in this statement is that the proper 

control system is established so the motors aid but never resist leg motions during walking. 

When discussing motor control, the potentially large impact of the sinusoidal hip model 

for walking developed in this dissertation also becomes evident. This sinusoidal model is 

applicable to hip motors in not only industrial exoskeletons which prevent back injuries among 

able-bodied people, but also medical exoskeletons which are used as gait training aids in 

rehabilitation centers for both injury recovery and paraplegic exercising. Because gait 

characteristics vary widely among users, no matter whether they are healthy or injured, the 

ability for researchers to easily modify exoskeleton hip trajectories is vital to the devices’ long 

term potential for success. By implementing a series of easily-understood and well-defined sine 

functions to control hip trajectories, engineers will be able to expand the exoskeleton target 

audience by more accurately adapting the system’s gait controls to any user characteristic. 

A final area for future work involves developing a completely passive, non-electronic 

system that could be used in environments where any sort of battery use or recharging is 

unfeasible. A totally passive exoskeleton would require eliminating not only the battery-powered 

sensors, but also the small actuators and high-torque motors in Designs #1-5. Some options for 

passive actuation systems include pendulum designs and linkage mechanisms. One potential 

passive mechanism for continuously repeated angular displacement changes in a joint is 

explained in [24]. More specifically, this design uses a ratchet and pawl as the one-way clutch 

with pins strategically located to engage and disengage the pawl without needing a separate 

actuator. But in addition to passive actuation, passive sensing must also be implemented to 

accomplish a fully passive exoskeleton. Unfortunately, though, incorporating a passive heel 

strike sensor entails extending the exoskeleton design to the ground because wireless sensing 

would require batteries for power. Nonetheless, passive heel strike sensing options exist in the 

form of passive ground reaction force detection. In particular, [26] briefly describes detecting 

ground reaction forces using a deformable member to actuate a desired component under load. 

In summary, the large extent of future work related to this dissertation implies that the 

validation and expansion of exoskeleton designs has the potential to not only encompass a 

diverse range of applications, but also assist people who are both healthy and injured, ultimately 

improving their quality of life. 

12.3: Broader Research Implications 

 

Although this dissertation largely emphasizes hip actuation designs to help reduce 

occupational back injuries by supporting the torso during stooping and walking, there are also 

broader research implications for fields other than mechanical design. For engineers, producing 

more efficient materials, motors, and mechanisms could further reduce the size, weight, and 

power consumption required by the five designs proposed in this dissertation. Meanwhile, new 

sensors for heel strike detection could further simplify design control algorithms, increase system 

accuracy, and reduce device costs. 

Also, when designing exoskeleton hardware, the importance of human factors research 

and anthropomorphic data becomes evident. Human demographics are constantly changing as 

people evolve over time. These demographics also vary widely based on a subject’s gender, age, 

health conditions, and geographical location. Therefore, it is important to continue research in 

human factors because ultimately, exoskeleton devices will not be successful without accurate, 

updated anthropomorphic data. 
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Aside from building and improving hardware, it is also important to validate the 

technology. In the case of reducing muscle strain and thus injury, surface EMG testing is the 

most widely-accepted evaluation method among researchers. But this is somewhat problematic 

for dynamic studies because surface EMG testing has been found to be unreliable in past works 

requiring non-static recordings. Therefore, this dissertation also prompts the need for further 

research into more accurate, non-invasive methods for monitoring dynamic muscle activity. This 

would most likely be a cross-disciplinary, collaborative effort between medical experts who 

probe deeper into understanding muscle physiology and functionality, and engineers who 

develop new testing apparatuses. 

Finally, in terms of user studies, this dissertation also alludes to a large research 

opportunity for exoskeleton user interfaces and user experiences. Because user interfaces play 

such an important role in people adopting new technology, this is rapidly becoming an important 

research area for exoskeletons as the technology progresses to the mainstream and starts to 

integrate into people’s everyday routines. It would be especially beneficial to develop universal 

exoskeleton usability tests to facilitate not only product designs, but also device evaluations. 

Similarly, it would be advantageous to develop training systems to enhance user experiences. 

This could ultimately amplify exoskeleton success rates by increasing the likelihood that users 

will immediately adopt the new, novel technology. 
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